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ABSTRACT
To better understand the diversity of mechanisms for stromatolite morphogenesis as
well as the diversity of microorganisms and microbial metabolisms associated with stro-
matolites it is imperative to describe the biological attributes of the full diversity of ”living”
stromatolite-like geobiological structures worldwide. It is of additional interest to describe
geographically and geochemically comparable ecosystems but lacking stromatolites to
stromatolite-forming environments to unravel the geochemical and microbiological as-
pects of stromatolite morphogenesis. Here we present a living stromatolite system in
a Yellowstone National Park (YNP) hot spring that exhibits features in contrast to many
popularly studied modern stromatolite analogs. Most notably, the YNP stromatolites are
more finely laminated than living marine stromatolites and may be a more suitable textural
analog to finely laminated stromatolites found in the rock record. The YNP stromatolites
are composed of silica-encrusted cyanobacterial mats. The predominant lithofacies of
the YNP stromatolite is comprised of silica-encrusted filaments and is distinctly laminated.
The laminated quality of the main lithofacies is due to an alternating–possibly on a diurnal
cycle–growth orientation of filamentous cyanobacteria.
Two cyanobacterial mat types grow on the stromatolite surfaces and are preserved
as two distinct lithofacies. One mat is present when the stromatolites are submerged or
at the water-atmosphere interface and the other when stromatolites protrude from the hot
spring. The lithofacies created by the encrustation of submerged mats constitutes the bulk
of the stromatolites, is comprised of silica-encrusted filaments, and is distinctly laminated.
To better understand the cyanobacterial membership and community structure differences
between the mats, we collected mat samples from each type. Molecular methods revealed
that submerged mat cyanobacteria were predominantly one novel phylotype while the
exposed mats were predominantly heterocystous phylotypes (Chlorogloeopsis HTF and
iii
Fischerella). The cyanobacterium dominating the submerged mat type does not belong
in any of the subphylum groups of cyanobacteria recognized by the Ribosomal Database
Project and has also been found in association with travertine stromatolites in a Southwest
Japan hot spring. Cyanobacterial membership profiles indicate that the heterocystous
phylotypes are ’rare biosphere’ members of the submerged mats. The heterocystous
phylotypes likely emerge when the water level of the hot spring drops. Environmental
pressures tied to water level such as sulfide exposure and possibly oxygen tension may
inhibit the heterocystous types in submerged mats.
In contrast to living marine examples where the interplay of pCO2 and [Ca+2] is the
main influence on microbial lithification, the lithifcation in the YNP system is driven by
a rapid decrease in silica solubility between high-temperature subsurface water emitted
from the hot spring vent and lower-temperature surface water. The continuously favor-
able conditions for rapid lithification in the hot spring system coupled to a cyanobacterial
diurnal growth cycle that manifests itself as fine laminations in the stromatolite lithofacies
leads to a growth rate for the YNP stromatolite on the order of centimeters of deposition in
several months. The YNP system displays a perhaps overlooked mechanism for stroma-
tolite morphogenesis and is compelling both for the presence of a seemingly unstudied
cyanobacterium as well as a finely-laminated modern stromatolite analog of which there
are few other examples.
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This dissertation presents a modern stromatolite analog study at a hot spring in
Yellowstone National Park (YNP), Wyoming. The study employed molecular methods to
characterize the microbial community associated with the hot spring stromatolites. In
order to properly contextualize the data, hot spring microbial diversity from other
geothermal features with YNP was also studied. Lastly, as Cyanobacteria are this
study’s primary taxonomic focus, the current state of Cyanobacterial small subunit (SSU)
ribosomal RNA (rRNA) systematics is reviewed.
The chapters are organized as follows:
• Chapter 2 - Review and re-analysis of published living stromatolite microbial
diversity studies. Additional review of the microbiology of YNP hot spring outfall
cyanobacterial mats.
• Chapter 3 Review of the cyanobacterial taxonomic organization is SSU rRNA gene
databases including implications of reference taxonomic systems on microbial
diversity studies.
• Chapter 4 Presents SSU rRNA gene diversity of the living YNP stromatolite.
Includes analyses of the living YNP stromatolite microbiology in the context of
previous studies of YNP hot spring cyanobacteria and other living stromatolite
analogs.
• Chapter 5 Presents microbial diversity data from cyanobacterial mat samples
taken at YNP siliceous and calcareous hot spring outfalls. Microbial diversity
results are presented in the context of previous microbial diversity studies done at
YNP geothermal features.
1
Stromatolites are the most and perhaps only conspicuous micro-fossils that can be
seen with the naked eye. Although many biosignatures exist though which geobiologists
can study the history of life, the charismatic nature of stromatolites evokes a special
curiosity in microbiologists and geologists. Here we present a finely laminated living




The primary subject of this dissertation is the microbial diversity of a living
stromatolite-analog in Yellowstone National Park (YNP); to mark the significance of the
findings, results must be presented within the proper context. A wealth of scientific
literature describes many facets of stromatolites in the rock record. In addition, living
stromatolites have been extensively studied by geologists and microbiologists. Here we
limit the background contextual information to studies of modern stromatolite analogues
that employed molecular techniques to catalogue microbial diversity with specific
emphasis on Small Subunit (SSU) Ribosomal Ribonucleic Acid (rRNA) gene surveys
similar to the methods presented in this dissertation.
Additionally, we present background information concerning the history of
cyanobacterial mat research done in YNP. Modern stromatolites are found in a diverse
array of geochemical conditions and the relevant ecological counterparts to a survey of a
modern stromatolite’s diversity is not necessarily other modern stromatolite analogs but
rather similar ecosystems within a more narrowly defined geographical and geochemical
scope. The stromatolites presented here are constructed by a cyanobacterial mat
ecosystem in a YNP hot-spring. To better understand the ecology and eco-physiology of
the microbial members of this dissertation’s primary subject it is necessary to describe
and discuss the differences and commonalities between the YNP stromatolite and the
numerous cyanobacterial communities in YNP in addition to the contrasting attributes of
the YNP stromatolite microbial community to other living stromatolite analogs.
First, however, it is necessary to review the methods for surveying microbial diversity
employed in our studies of the YNP stromatolite and other cyanobacterial ecosystems in
YNP.
3
2.1 Methods for investigations of microbial diversity via surveys of phylogenetic
marker genes
Microbiologists have long noted that the number of microbes counted in situ far
exceeds counts come to by culture based methods [4]. For instance, Staley and
Konopka [5] coined the phrase “The Great Plate Count Anomaly” to describe the
discrepancy between in situ observations and culture-based studies. Many theories
have been put forth from the absence of siderophores [6] in culture media to microbial
senescence [7] to explain the significant number of uncultured microbes. Whatever the
cause or combination of causes, the majority of microbes in an environment are not
surveyed by culture-based techniques.
Classical ecological metrics used to describe diversity rely on taxa abundance
distributions [8], but, unlike insects, plants and animals, for instance, microbes generally
do not have distinguishable morphological features even under the microscope to
categorize them into discrete taxonomical groups. Therefore, observation of microbes in
situ is not a suitable method for discerning taxa abundance distributions. Further, as
described above, culture-based analyses and classifications of microbes do not always
follow phylogeny and miss a great number of the in situ microbial population. It is
therefore necessary to utilize culture-independent, molecular methods to survey
microbes in nature to conduct meaningful diversity based ecological studies [9]. Here we
provide a brief introduction of molecular methods to provide context for the literature and
results presented afterwards.
2.1.1 Preparation of environmental samples for amplicon sequencing surveys of
marker genes
Regardless of the ultimate sequencing platform to be used, marker gene surveys
from environmental samples follow the same two preliminary steps:
• DNA extraction
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• PCR amplification of gene of interest.
Although each step is routine in many molecular laboratories, artifacts abound and
can easily manifest themselves the final results.
2.1.1.1 DNA extraction bias
Willner et al. [10] studied how different DNA extraction methods affect microbial
community profiles from human lung samples as well as mock communities. The basic
extraction methods differed in the lysis technique, chemical or mechanical, as well as in
the reagents used post-lysis. Differences in the microbial community of the lung samples
themselves proved much greater than differences due to extraction variation although
analysis of mock community results showed reproducible biases due to extraction
method.
As expected, mechanical lysis techniques recover more DNA from more robust cell
envelopes as in the case of gram-positive bacteria. Rantakokko-Jalava and Jalava [11]
previously reported mechanical lysis was more effective at recovering DNA from
gram-positive bacteria and also noted mechanical as opposed to chemical lysis
recovered greater diversity in general. Regardless of the extraction protocol it appears
that extraction method bias is reproducible and therefore would not necessarily affect
relative comparison of microbial communities prepared by similar techniques.
Interestingly, Willner et al. [10] finds proprietary kits to yield the most reproducible results.
2.1.1.2 PCR bias




Primer bias is the preferential annealing of the PCR primers to specific templates.
Frank et al. [12] showed that even single mismatches in the complimentary sequence of
the primer and template can lead to significant bias against the non-matching template.
Therefore it is imperative to understand the limitations of any selected primer pair to
correctly interpret the absence of a particular marker gene from a dataset. For instance,
commonly used SSU rRNA primers were systematically biased against the
Verrucomicrobia phylum which led to its underrepresentation in soil microbial diversity
studies [13].
While many protein-coding genes are utilized to assay the diversity of functional
guilds [14, e.g.], most microbial diversity studies employ surveys of the SSU rRNA gene.
The SSU rRNA gene is an excellent marker for microbial diversity because all known
organisms posses the gene [15], it is highly conserved for stretches that allows for primer
targets that are found in broad groups (even all three domains of life [16, e.g.]) and there
are established and curated collections of annotated SSU rRNA genes that provide
context for bioinformatic analysis of SSU rRNA gene libraries [17–19]. Additionally, much
work has been done to understand what regions of the SSU rRNA gene are most
appropriate for ecological analyses and how different regions might affect relative alpha
(diversity within a community) and beta (shared diversity between communities) diversity
indices between environments [20, 21]. Moreover, as curated SSU rRNA gene
sequences are added to databases, primer specificity is constantly being re-assessed
and improved upon [16, 22, 23] allowing researchers to critically evaluate past results
and improve current methods.
Primer design and analysis generally involves looking for and assessing primer
targets in a multiple sequence alignment. The first degenerate SSU rRNA primers were
indeed generated in this way [24] . As collections of sequence information grow [25] ,
however, they become more difficult to handle and impossible to analyze by eye. For
instance, to generate a multiple sequence alignment of all high-quality, near full-length
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SSU rRNA databases from all three domains of life such that every column is
unambiguously homologous the Silva database curators [18] expand the alignment to
50,000 positions. Much of the alignment is made up of low frequency columns. 2.1 and
2.2 depict the character frequencies of the SSURefNR104 Silva database alignment
over the first 2000 alignment positions (of 50,000 total).
7
Figure 2.1: Plot of total character frequencies in SSURef104NR Silva database over the first 2000 alignment columns that
include the 515F primer targets. The conserved positions where the primer anneals to the target have nearly no gaps
whereas adjacent positions that represent a high degree of indels in the alignment have very few characters.
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Figure 2.2: Rescaled plot of total character frequencies to show typical frequencies of low total character frequency columns.
High character frequency bars are clipped in this figure.
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Analyzing primers using this alignment requires that first the target columns in the
extremely “gappy“ alignment be identified and then that the frequencies of all characters
found in the alignment at the target positions are calculated. Working through this
challenging informatics problem can yield interesting results. 2.3 and 2.4 show the
character frequencies for the target columns for two popularly used three-domain SSU
rRNA primers, 515F and 907R (named by the position of the primers relative to the
Escherichia coli 16S gene), in the SSURef104 Silva database and 2.5 and 2.6 show the
character frequencies for just Archaeal sequences.
Clearly the actual character frequencies are at odds with the primers in several
positions. Re-designing the primers to account for the new information yields are primer
pair that is significanly improved with respect to its coverage of overall diversity as
depicted in 2.7.
Amplification bias is generally attributed to PCR saturation [12]. PCR saturation
occurs when template reaches such a high concentration that is competes for primer
targets with the primer oligos. Keeping PCR cycles to as small a number as downstream
applications will allow is generally effective at inhibiting PCR saturation [26]. Schloss
et al. [26] found that amplification bias is not significant especially with respect to the
relative significance of other sample preparation artifacts.
2.1.1.3 Additional considerations
A large scale study of bias introduced by sequencing centers showed that extensive
artifacts are introduced at the level of sequencing preparation [26]. So large, in fact, that
differences between individual samples correlated more with the center where the
samples were sequenced than with the sample metadata [26]. In the case where
differences between samples is expected to be subtle, the variance in results introduced
by sequencing preparation casts doubt as to whether amplicon sequencing is
appropriate for finding high-resolution differences between microbial communities.
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Figure 2.3: Base frequencies for E. coli positions 515 to 534 in the SSURef104NR Silva
database.
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Figure 2.4: Base frequencies for E. coli positions 907 to 927 in the SSURef104NR Silva
database.
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Figure 2.5: Base frequencies for E. coli positions 515 to 534 in the SSURef104NR Silva
database with only Archaeal sequences.
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Figure 2.6: Base frequencies for E. coli positions 907 to 927 in the SSURef104NR Silva
database with only Archaeal sequences.
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Figure 2.7: Analysis of 515F and 907R SSU rRNA primers. “m” denotes the modified
version of the primer to incorporate current knowledge of the target region character fre-
quencies. Analysis was conducted using the RDP ProbeMatch tool.
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Additionally, the results presented in Schloss et al. [26] highlight the necessity of
analyzing data in the light of preparation biases to ensure that observed ecological
trends cannot be simply attributed to sample preparation artifacts.
2.1.1.4 Sanger sequencing versus NGS
Sanger sequencing technology is based on the inclusion of terminating and
fluorescent nucleotides by a polymerase when replicating a single strand of DNA [27].
Pyrosequencing exploits the release of pyrophosphate during the action of the
polymerase which in turn yields an illumination event via luciferase that is ultimately
recorded on camera [28]. The Illumina technology also utilizes a fluorescent PCR
terminator that is reversible in this case allowing for detection of each polymerase added
base. While the ultimate signal and instrumentation is drastically different depending on
the sequencing technology used, microbial ecology laboratories do not typically own and
operate the sequencing machines themselves electing to purchase sequencing services
on an as needed basis. Therefore, the preparation of sequencing template is carried out
at the sequencing center as part of the sequencing service. Preliminary steps, however,
are still performed by the researcher.
For the microbial ecologist the most fundamental difference between preparing
samples for sanger sequencing versus NGS is in the method of separating individual
amplicons from a pool of PCR product. With sanger sequencing, amplicons are
separated from each other by cloning whereas NGS amplicon sequencing studies utilize
emulsion PCR techniques. Emulsion PCR is generally part of the sequencing services
provided by a sequencing center. Another key difference between sanger and NGS is
the use of barcoded primers in NGS. Barcoded primers carry unique tags at the 5’ end
that eventually denote the sample from which the amplicon originated [29]. Barcoded
primers allow researches to pool PCR product from many different samples and
separate out sample-specific libraries in silico post sequencing (see 2.8).
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Figure 2.8: Cartoon of barcoded PCR primers.
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2.1.2 Sequence Quality Control
In the process of sequencing a DNA molecule differences from the true molecular
sequence that ultimately become part of the final sequence analyzed by the researcher
can originate at each step in the full workflow from PCR through the actual interpretation
of the signal collected and produced the sequencing technology. Fortunately, extensive
re-sequencing of known templates can provide a thorough understanding of sequencing
error [30, 31, e.g.]. With an understanding of sequencing error, researchers can assign
quality estimates to base calls [32], identify and discard poor sequencing reads [30] and
in some cases correct errors with high confidence [33].
The primary use of any sequencing technology is for genomic shotgun sequencing
where the depth of coverage for any genomic stretch is many-fold and therefore
sequencing errors are generally easy to mitigate. When sequencing amplicons, each
template is sequenced once (only one-fold coverage) and quality control of sequence
libraries is significantly more involved. Quality control of sanger sequences involved
critical examination of quality scores [32] for base calls and in the case of amplicon
reads, the identification of probable chimeras [34]. Quality scores are generally
expressed as a log-score and are derived from base-calling algorithms specific to the
nature of sanger sequencing signal and tuned to characteristic error signatures
established for the technology by analyzing the error-profiles derived sequencing known
templates.
Quality control in Next Generation Sequencing (NGS) amplicon libraries was
thoroughly studied when the extent of the “rare-biosphere” [35] was suggested to be an
artifact of sequencing errors that inflated diversity estimates [36, 37] . Huse et al. [30]
identified key criteria for finding probable low quality sequencing reads from
pyrosequencing technology. In a typical amplicon sequencing study, reads are screened
with the criteria outlined by Huse et al. [30] in a preliminary quality control step.
Subsequently, pyrosequencing reads can be further improved by filtering the underlying
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flowgram signals through a noise-removal algorithm. Noise-removal algorithms exploit
the error-profiles of the pyrosequencing technology to find the most likely set of
sequences that emit the observed signal. Quince et al. [38] published the first
noise-removal algorithm and a later faster, heuristic version was published by Reeder
and Knight [39] .
Errors due to the polymerase used in PCR can account for a significant number of
the final sequencing errors and can be corrected for if the error-profile for the polymerase
is known [40] however researchers generally elect to use a high fidelity polymerase for
template amplification [3, e.g.] instead of computationally fixing polymerase errors
post-sequencing. Illumina sequencing technology is cheaper per base than
pyrosequencing and may become the preferred technology for amplicon sequencing
studies [41] but the quality control parameters and software for the Illumina platform is
not currently as mature a for pyrosequencing. Instead of noise-removal it has been
proposed to tie low abundance probable error containing reads to their more abundant
true sources [42] in a process called Single Linkage Preclustering . Combining
parameters defined by Huse et al. [30] in addition to noise-removal or SLP can
drastically reduce the error-rate in DNA sequences and significanly improve the
researcher’s confidence in diversity estimates.
2.1.2.1 Chimera Checking
During PCR amplification, DNA strands that were generated in a previous cycle but
not assembled through the entire template sequence can re-anneal to new templates in
a subsequent step and produce a full amplicon originating from two (or more) different
templates. Amplicons from more than one template are called “chimeras”. As artifacts of
PCR and not representative of a true gene from the DNA template, chimeras should be
discarded from sequence datasets [34].
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Unfortunately it can be difficult to identify chimeric sequences [40, 43, 44] especially
when the templates or “parent” sequences are closely related. Chimera detection
algorithms generally rely on analyzing query sequences in the context of non-chimeric
reference sequences [43, e.g.]. Although sometimes the reference databases do not
represent a sufficient amount of diversity to act as useful context for the analysis of all
query sequences and may contain chimeras themselves [34].
Recently, to circumvent the need for a reference database, chimera detection
methods that assume high abundance reads in query sequence datasets to be likely
non-chimeric and suitable as reference sequences have been developed. Chimera
detection algorithms that find chimeras de novo without the need of a reference
database by assuming chimera parents are in the query libraries themselves have
proven to be sensitive and specific [40, 44]. Researchers can leverage the two general
chimera-checking paradigms to robustly control for PCR artifacts in sequence libraries.
2.1.2.2 Sequence Analysis Software
Two sequence analysis software packages, QIIME [45] and Mothur [46] have
emerged as the most utilized environments within which microbial ecologists analyze
biological amplicon sequence libraries. Each package is developed with a drastically
different philosophy but provide similar sets of functions. The QIIME development team
hosts code on a freely accessible website [47]. Moreover, bleeding edge repositories of
the code base can be accessed and installed. QIIME mostly utilizes the Python
programming language and also interfaces significantly with the collection of
bioinformatics modules available in PyCogent [48]. QIIME solicits code from the
community at-large and is organized as a true open-source project. Notably, QIIME
leverages the ability of Python to easily communicate with other software by electing to
incorporate application controllers or “wrappers” rather than re-write algorithms that are
already publicly available. For instance, QIIME “wraps” the RDP-Classifier [49] and
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UClust [50] which are themselves standalone programs. In one sense QIIME is mostly a
collection of parsers and input/output controllers that allows biologists to easily navigate
the confusing maze of bioinformatics file formats.
Mothur, on the other hand, is written from the ground-up and developers re-write
Mothur specific implementations of published algorithms (e.g. the RDP Classifier). This
makes the dependency list for Mothur significanly smaller than QIIME’s and allows for
the Mothur software to be easily installed. Mothur is written in C++ which is generally
faster than an on-the-fly interpreter language like Python but lacks the option parsing and
readability conveniences of a high-level language like Python which makes the Mothur
interface more difficult to use. A thorough understanding of each software program and
more importantly a fundamental understanding of the basic steps in microbial ecology
data analysis allows the research to mix and match the two programs and creatively
generate, interpret and visualize results.
2.1.3 Clustering algorithms
Most of the preliminary literature that assessed NGS as a tool for microbial diversity
studies focused on methods for identifying and possibly correcting sequencing errors
[30, e.g.]. Recently, however, downstream data analysis methods and in particular,
sequence clustering algorithms have been evaluated based on their ability to reproduce
biologically relevant sequence groupings [51–57]. Similar to sequencing error, the
magnitude of the effect the chosen clustering algorithm can have on diversity metrics
depends on the metrics being applied. As a general rule, metrics based on taxa
abundance distributions are more susceptible to clustering error. These metrics would
include the Chao, Simpson and Shannon alpha diversity metrics or the theta and
Bray-Curtis beta diversity metrics [58, for review see]. On the other hand, when
clustering is utilized principally as a method to dereplicate or reduce a sequence dataset
into a more manageable representative collection as in a typical Unifrac [59] based
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analysis, the clustering error is negligible [60, 61].
Commonly used clustering algorithms by microbial ecologists can be categorized into
three groups. Hierarchical Clustering (HC) , Greedy Heuristic Clustering (GHC) , and
Bayesian Clustering (BC) . HC is a standard method for clustering distance matrices and
allows for many different cluster definitions with respect to how items in the matrix are
grouped together. Schloss and Westcott [53] suggest that the “average-neighbor”
algorithm produces the most biologically relevant results for HC. GHC involves defining
cluster centroids or seeds that non-centroids are either recruited to if they fall within a
given distance threshold or become centroids themselves. BC is a broad category, there
are two available BC algorithms to date for clustering biological sequences; Cheng et al.
[54] utilizes a stochastic search clustering method whereas Hao et al. [55] utilizes a
Gaussian mixture model and a birth-death process. 2.1 summarizes different software
that employ the three above algorithms.
Table 2.1: Summary of commonly used clustering software in microbial diversity studies
Type of clustering algorithm Software
HC Mothur [46], ESPIRIT-Tree [62]
GHC UClust [63], CD-Hit [64]
BC CROP [55], BEBaC [54]
‘ One of the difficulties in evaluating clustering approaches is finding a ground truth by
which to measure the performance of the software. Researchers and software
developers have utilized taxonomic annotations [51, 56], simulated datasets [54] and
tallies of false positives/negatives and true positives/negatives in final cluster groupings
[52, 53] to determine how clustering software programs compare to each other. There is
little consensus concerning which software is best or which performance metric is most
informative however there is one conclusion that is consistent among more than one
reviewer. GHC algorithms perform significanly worse than both HC and BC.
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As GHC is heuristic in nature it is not surprising that it makes the most mistakes but
the magnitude that GHC can inflate diversity estimates is somewhat alarming. For
instance, Sun et al. [56] estimate that GHC can overestimate the number of “species”
level clusters by nearly four times. Unfortunately, unlike for multiple sequence alignment
[65], there is no standard benchmark dataset or metric for cluster algorithm performance
analysis so it is difficult to synthesize the results all clustering performance studies. It is
likely that algorithm developers tune their software for their metric and test dataset of
choice and therefore their algorithms perform better than those not similarly tuned. Also,
often alternative algorithms are not properly represented. For example, Wang et al. [51]
utilize a secondary-structure aware, covariance model based aligner [66] but do not
mask out alignment columns not matching the covariance model that the alignment
software purposefully leaves unaligned. This omission likely leads to inflated computed
pairwise distances between sequences and an inaccurate evaluation of the combination
of alignment algorithm and clustering method.
2.2 Eco-physiology and ecology of Cyanobacteria in YNP
Cyanobacteria in YNP have been studied at least since 1897 [67]. Early studies were
observational in nature but many early findings have been confirmed by modern
methods. Recently state-of-the-art techniques have been used to investigate everything
from cyanobacterial diversity and phylogeny [68] to expression and translation of
nitrogen-fixing genes and proteins [69, 70]. The unifying themes in cyanobacterial
biology research at YNP include the ecological and physiological responses of
cyanobacteria to sulfide, temperature and nitrogen. Although many cyanobacterial
phylotypes exist in YNP, a cosmopolitan unicellular, rod morphotype commonly referred
to as Synechococcus has been the focus of many studies.
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2.2.1 Early studies of cyanobacterial diversity
Cyanobacteria in YNP were first extensively cataloged by Copeland [71] although an
earlier publication [67] described an “algal stalactite” and several cyanobacterial
morphotypes associated with the structure. Tilden [67] attributes the stalactite to the
growth of cyanobacterial filaments into drops of condensation from the ceiling of a
shallow cave over an active geyser. Similar “bio”-stalactites and affects of water droplets
were characterized by Spear et al. [72] over one-hundred years later albeit not in
Yellowstone but a geothermal mine adit and the microbes of interest were not
cyanobacteria.
Setchell [73] described cyanobacteria and their apparent upper temperature limits
found in several YNP hot-springs including hot-springs found at Mammoth, and the
Norris, Upper and Lower geyser basins. Setchell [73] notes the temperature
heterogeneity of many hot-springs where a few lateral centimeters can encompass a
10-15 circC change in temperature and observes that tufts of growth at hot-spring
margins were considerably cooler than water at the spring’s source. Setchell [73] also
finds that non-phototrophic life continues beyond the temperatures where cyanobacteria
are found but cyanobacteria can be found in water up to 77 circC and that cyanobacteria
can be found at higher temperatures in siliceous versus calcerous hot-springs. The
upper temperature limits for life were of particular interest to YNP bacteriologists from
the early to mid-1900s and are still of interest today [74].
Early studies of phototroph diversity generally involved identifying and counting
morphotypes [71]. Temperature effects on cyanobacterial richness and membership was
a common theme amongst studies [71, 75] but the influence of pH was also noted [71].
Mann and Schlichting [75] describes the changes in relative abundance of five
Synechococcus morphotypes and one Phormidium morphotype at two springs in the
Firehole Loop Drive region. Mann and Schlichting [75] shows that morphtypes exhibit
temperature optima across different springs and additionally catalogue 39 distinct
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species of phototrophs including diatoms and their apparent temperature limits. Similarly
to Setchell [73], Mann and Schlichting [75] shows that unicellular cyanobacteria and a
thin filament called Phormidium by both Setchell [73] and Mann and Schlichting [75] are
found at the upper temperature limits for cyanobacteria. Recent molecular data [68, 76]
suggests that the thin filaments described in early studies of YNP cyanobacterial
diversity is likely a green, non-sulphur bacterium and not Phormidium [77]. Copeland
[71] offers the most extensive review of morphotypes found in YNP hot-springs. 2.9 and
2.10 summarize the findings of Copeland [71] with respect to the number of
species/morphotypes at different temperatures and pH. There is a significant decrease
in cyanobacterial richness with temperature. Additionally, Copeland [71] describes the
lack of cyanobacteria at low pH. Both ecological findings have been confirmed by later
studies [78].
The first study of Cyanobacterial diversity in YNP to not utilize morphotype counting
methods was perhaps Inman [79]. Inman [79] studied the absorption spectra of
thermophilic cyanobacteria and found the spectra of Chlorophyll a and b from hot-spring
samples to not differ much from that of plants, however, and unidentified peak at 538 um
was observed. Brock and Brock [80] also carried out a study more physiological in
nature by taking mat samples along hot-spring outfalls and measuring RNA, protein and
pigment content per unit area, Brock and Brock [80] shows the general temperature
optimum for cyanobacterial mats at specific springs. RNA, protein and pigment content
peak at nearly the same temperature, 60 circC.
Castenholz [81] was the first to focus on the influence of sulfide on cyanobacteria
membership in hot-springs. Castenholz [81] also conducted experimental investigations
of sulfide tolerance with YNP hot-spring derived cyanobacterial cultivars. Castenholz
[81] found that Spirulina morphotypes dominated membership in sulfidic hot-springs
where pH was suitable for cyanobacterial growth. At similar pH but without sulfide,
hot-springs are dominated by Synechococcus morphotypes except in the case where
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Figure 2.9: Cyanobacterial morphotype diversity - Temperature: based on data presented
in Copeland [71].
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Figure 2.10: Cyanobacterial morphotype diversity - pH: based on data presented in
Copeland [71].
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spring flow is rapid in which case heterocystous filaments are most common.
Experiments using photosystem II inhibitors and measurements of labeled bicarbonate
uptake showed that a Spirulina isolate from YNP could likely utilize sulfide as a
photoreductant to photosystem I thus mitigating its photosystem II inhibition [81].
2.2.2 Synechococcus microdiversity and phylogeny
Octopus Spring has been the epicenter for Synechococcus research in YNP since
the 1970s [76, reviewed in]. Early studies at Octopus Spring produced a limited and
reproducible few Synechococcus strains that could be easily cultured from outfall
microbial mats suggesting that the Synechococcus population at Octopus Spring was
fairly uniform [76, 82]. In fact, coupled with a low number of morphotypes observed by
microscopy, traditional culture based studies conveyed that a single type of
Synechococcus dominated the mats at Octopus Spring. A direct dilution culturing
technique [83], however, showed that previous culture based techniques were biased
towards microbial “weeds” that took best to culture conditions and were hiding a wealth
of microdiversity [76, 82].
Novel cultures with Synechococcus-like morphology and cultures of aerobic
chemoorganotophs produced by direct dilution of inocula from environmental samples
exhibited a wide array of temperature optima that correlated well with conditions from
where samples were collected [76]. Moreover, molecular evidence suggested that
cultures derived from direct dilution techniques were members of the in situ predominant
groups and that traditional enrichment culture techniques produced the same isolates
over and over [82] but did not reliably yield predominant in situ phylotypes. Although the
novel Synechococcus cultures still resembled strains within the Synechococcus genus
by morphology, rRNA gene sequences revealed the morphological similarity to be in
stark contrast to a significantly different phylogeny between novel cultures and easily
grown Synechococcus “weeds”.
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One of the more astounding developments in microbiology in the last ten years has
been the discovery of extensive genome plasticity in microbial world even among very
closely related strains. Studies Vibrio species associated with different size particles in
the ocean has shown that microbes with highly similar rRNA genes (99% identity) can be
part of ecologically differentiated populations [84]. A study of Vibrio genome diversity
found that almost every Vibrio splendidus isolate in the study was genotypically unique
[85]. While recent studies of distinct ecotypes within closely related phylogenetic groups
have benefited from modern sequencing techniques, studies done at Octopus Spring in
YNP found evidence for inter-species ecotypes at the infancy of culture-independent,
microbial community profiling techniques [86].
Observations of community structure over temperature gradients at Octopus Spring
revealed that five closely related cyanobacterial phylotypes occupied different defined
temperature niches. Similarly, seemingly closely related green non-sulfur bacteria
appeared to prefer different temperature defined niches [86]. As an aside Ward et al. [76]
speculates that even collections of identical 16S gene sequences might include multiple
ecotypes. Recent studies of microbial population pan-genomes [87, e.g.] nearly twenty
years after the above Octopus Spring studies would seem support such speculation.
2.2.3 Nitrogen fixation at Octopus Spring
Although early studies of cyanobacterial diversity speculated that non-heterotrophic
cyanobacteria would be competitively inhibited by heterocystous, nitrogen-fixing
counterparts in nitrogen deplete hot-springs [71, e.g.], genomic evidence from two
ecologically relevant Synechococcus isolates showed the isolates possessed the full
suite of genes necessary for nitrogen-fixation [69]. Subsequent studies showed the
Octopus Spring Synechococcus were fixing nitrogen and elucidated the diurnal cycling
of nitrogenous gene transcription and protein abundance in the Octopus Spring microbial
mat [69, 70]. Heterocystous cyanobacteria utilize differentiated, nitrogen-fixing cells at
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uniform intervals along a filament to spatially separate the extremely oxygen-sensitive
nitrogen fixing apparatus from oxygen evolution due to photosynthesis [88]. Not all
nitrogen-fixing cyanobacteria are heterocystous, however. Many non-heterosystous
cyanobacteria fix nitrogen and employ other strategies for segregating oxygen evolution
and nitrogen fixation. For instance, temporal separation between oxygen evolution and
nitrogen fixation involves fixing nitrogen at night after oxygen is consumed or during low
light when respiration rates exceed oxygen production.
The temporal separation of nitrogen fixation and oxygen evolution has been observed
in many studies [89, for review see] but some cyanobacteria can fix nitrogen during the
day without heterocysts. For instance, the marine cyanobacterium Trichodesmium fixes
nitrogen during the day although the mechanisms that allow for aerobic nitrogen fixation
by Trichodesmium are still somewhat unclear [89]. Additionally, a unicellular, uncultivated
cyanobacterium, UCYN-A, does not possess photosystem II and also fixes nitrogen in
the light [90]. Steunou et al. [69] showed that the Synechococcus ecotypes at Octopus
Spring temporally separates nitrogen fixation and oxygenic photosynthesis. Nif transcript
levels peaked in the evening and nitrogen fixation peaked during low light in the morning
and evening.
Nitrogen-fixation is not the only light affected activity at the Octopus Spring microbial
mats. Light fluctuations are mirrored by a diurnal fluctuation in the oxygen profile of the
mat which likely goes (nearly?) anoxic at night. In the day the Synechococcus secrete
photosynthate and at night the cyanobacteria ferment storage products synthesized in
the light and secrete fermentation products such as acetate [91]. 2.11 summarizes the
day/night cycling due to cyanobacteria in microbial mats.
2.3 Microbial Diversity of Modern Stromatolites
The two most popularly studied living stromatolite systems are found in Shark Bay,








Figure 2.11: Cartoon depicting diurnal cycling in a microbial mat.
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observed in YNP [103, 104], New Zealand [105] and Ruidera National Park, Spain [106].
The stromatolites at YNP and Frying Pan Lake, New Zealand are siliceous, however
most modern analogs are found in carbonate platforms.
The definition of stromatolite specifies that stromatolites are laminated [107] and all
modern stromatolite analogs satisfy this definition to some extent. For instance, at
Highborne Cay, Bahamas laminations are caused by seasonal fluctuations and
intermittent hiatal periods of stromatolite surface microbial mats [108]. The different
capacities of surface mats to trap sediment and the textural differences of the mats
themselves produce distinct facies once lithified and buried by later generations of
surface microbes. At Shark Bay, Australia laminations are similarly due to microbial
action, in contrast, there does not appear to be distinct mat types [109] but a single
surface community that migrates outward to out-pace sedimentation and precipitation
[96]. Regardless of the mechanism of lamination, modern stromatolites are all created
by microbial action [2] and the characterization of the microbial phylotypes is therefore of
interest to microbiologists and geologists alike to further understand the microbial
underpinnings of stromatolite morphogenesis. Below is a brief review of key living
stromatolite microbial diversity studies.
2.3.1 Phylum level diversity of living stromatolites
For this review, microbial diversity studies of stromatolites from Shark Bay
[92, 109, 110], Highborne Cay [100, 111] and Ruidera [106] have been selected as
model studies for their respective environments. The accession numbers for the
sequences selected in each study are reviewed in [2].
The Microbial diversity surveys of living stromatolites reviewed here have produced
SSU rRNA sequences spanning 30 phyla. The most abundantly recovered phyla are
Proteobacteria, Cyanobacteria, and Planctomycetes in that order 2.12. It is difficult to
make quantitative comparisons between studies as researchers have employed a variety
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of probes with different taxonomic coverage. Further, samples from further inside the
stromatolites versus the exterior would likely yield more anaerobic phylotypes in SSU
rRNA sequence libraries. For example, interior samples taken by [92] showed both
methanogen and sulfate-reducing phylotypes. Archaeal sequences were also derived
from The Shark Bay stromatolite samples collected by Papineau et al. [109].
Proteobacteria, Cyanobacteria, Planctomycetes, Chloroflexi, Firmicutes, Bacteroidetes
and Acidobacteria were found in each library 2.12.
Although never comprising over 1.2% of sequences from any individual group in any
single library, eleven candidate phyla (phylum level groups without a cultured
representative) are represented across all libraries. In fact, the seven libraries cover a
broad diversity of life. 2.13 shows the phyla represented in the selected libraries
amongst the full diversity of nearly full-length SSU rRNA sequences and 2.14 shows the
same tree with non-stromatolite associated sequences removed. The only phyla in the
total dataset that is found in each Highborne Cay library but not from the Ruidera or
Shark Bay libraries is Spirochaetes. No phyla found in all Shark Bay libraries are not
found in either the Highborne Cay libraries or the Ruidera library. The Ruidera study
[106] also does not exhibit any phyla unique to its library. The Ruidera library has the
lowest phylum-level diversity with only eight phyla.
2.3.2 Beta diversity of living stromatolites
Although the selected stromatolite rRNA gene sequence libraries span multiple years
and were conducted by different groups, there is still a signal correlated with location
(Highborne Cay, Bahamas; Shark Bay, Australia; Ruidera National Park, Spain) exhibited
by each library as shown in a 2.15. The beta diversity metric used in 2.15 is the
unweighted Unifrac [59] distance and is a metric that does not factor relative abundance
of taxa. Unifrac has been used similarly to compare SSU rRNA gene libraries from
different studies and therefore different regions along the SSU rRNA gene [112] to show
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Figure 2.12: Phylum-level diversity of selected living stromatolite microbial diversity stud-
ies. First author of study and publication year are noted on the x-axis. The artificial
stromatolite from the Havemann and Foster [111] (denoted 2008b in the figure)) is shown
as a separate bar from the samples taken in situ.
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Figure 2.13: The SSURef102NR Silva database [18] guide tree encompassing the di-
versity of all nearly full-length, high quality SSU rRNA sequences submitted to public
databases. red clades are those that possess sequences from living stromatolite studies
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Figure 2.14: Diversity of living stromatolite sequences from selected studies. Clade anno-
tations correspond to location of sequence in the Silva database [18] SSURef102 guide
tree.
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that salinity was a key parameter in shaping the membership of microbial communities
on a global scale.
The samples depicted in 2.15 also fall along a salinity gradient. The Shark Bay
stromatolites are found in a hypersaline environment, the Highborne Cay stromatolites in
a marine environment and the Ruidera stromatolites are in a freshwater lake. To see if
the relative effects of geography and salinity could be delineated in the beta diversity
values depicted in 2.15 an additional sample was added to the dataset from a
non-stromatolitic but hypersaline library [113]. It appears as if the hypersaline
environments cluster together suggesting that salinity may be most responsible for
shaping the microbial membership of the living stromatolites (see 2.16). Although further
studies would have to be done, these beta diversity analyses pose an interesting
hypothesis that salinity beyond geography and the property of growing on or in a
stromatolite is most influential with respect to shaping stromatolite microbial membership
and questions whether there is a stromatolite defining suite of microbes in any system.
2.3.3 Methods
The following are data analysis methods used in the review of modern stromatolite
microbial diversity studies (above)
2.3.3.1 Phylum Level Diversity
Sequences from the reviewed studies were collected from Silva SSUParc111 and
taxonomically annotated using the RDP Classifier [49] with the QIIME [45] application
controller. The RDP Classifier was re-trained with the Greengenes taxonomic hierarchy
and a non-redundant set of SSU rRNA sequences from the Greengenes database [17]
with corresponding taxonomic annotations [114] . Using Arb [115] with the
Arb-compatible SSURef111 database from Silva [18] Phylum level clades in the
database guide tree that matched taxonomic annotations (above) were highlighted.
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Figure 2.15: Principal coordinate plot of unweighted Unifrac distances between selected
stromatolite sequence libraries. Blue denotes Shark Bay, Australia; red Ruidera National
Park, Spain; and orange Highborne Cay, Bahamas.
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Figure 2.16: Principal coordinate plot of unweighted Unifrac distances between selected
stromatolite sequence libraries and a library from the Guerrero Negro hypersaline mats
[113]. Green denotes Shark Bay, Australia; orange Ruidera National Park, Spain; red
Guerrero Negro, Mexico; and blue Highborne Cay, Bahamas.
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2.3.3.2 Phylogenetic trees
As each study utilized different primers, it is difficult to reconstruct a phylogeny of all
the sequences as the alignment coordinates would not sufficiently overlap. Recent
advances in tree insertion algorithms have allowed researchers to place sequences into
backbone reference trees [116, e.g.]. In this way the relationship between inserted
sequences is assessed in the context of longer reference sequences for which a
phylogeny is known. Sequences were inserted into the SSURef102NR Silva database
[18] using the parsimony insertion algorithm available through Arb [115].
2.3.3.3 Unifrac Principal Coordinates Plot
Sequences from the studies reviewed above were collected from the Silva
SSUParc111 SSU rRNA database [18]. Sequences were clustered with UClust [63] with
the application controller available in QIIME [45]. Representative sequences from each
cluster were (3% identity OTU) were inserted into the Silva SSURef102NR guide tree to
create the phylogeny necessary to calculate Unifrac distances [117]. Prior to clustering
all SSU rRNA libraries were randomly sampled 10 times to a depth of 120 sequences to
account for sequencing depth heterogeneity. The principal coordinates analysis plot
represents the variance due to random sampling by displaying a halo around each
sample point which encompasses the extents in two-dimensional space that samples
moved around [61, for details see] (Halo not visible in 2.15 or 2.16. PCoA visualization of
Unifrac Distance matrices was performed using QIIME.
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CHAPTER 3
REVIEW AND ANALYSIS OF THE TAXONOMIC ORGANIZATION OF
CYANOBACTERIA IN SSU RRNA GENE DATABASES
Databases of annotated biological sequences are crucial to the interpretations of
metagenomic data. Whether it is a study of metagenomes [118], metatranscriptomes
[119], metaproteomes [77] or surveys of SSU rRNA genes [120], distributing biological
sequences into hierarchically organized categories is a key step towards describing the
biological underpinnings of observed phenomena and the similarities between samples
collected over space and time. Additionally, there exists great opportunity to conduct
insightful studies using entirely publicly available database sequences [121]. At the rate
that sequence information is being produced by biologists there are bound to be
misannotations and mistakes that slip by curation when a sequence enters a database.
For instance, Tripp et al. [122] found that 23S rRNA gene sequences were misannotated
and placed in the NCBI non-redundant protein coding sequence database and that
misannotation bred a misannotated group in Pfam. It is imperative that database users
understand the organization and curation of any database they choose in order to
correctly interpret results. It is also appropriate to periodically review database structure
and content. Here we discuss the taxonomic organization of cyanobacterial sequences
in SSU rRNA databases.
Cyanobacterial systematics has a convoluted history [123]. Originally thought of as
plants, cyanobacteria were described and named according to the botanological code.
As such, many cyanobacterial names are not officially recognized by the bacteriological
code [124]. Further confusion stems from a significant number of cyanobacterial
cultivars being misannotated and improperly added as members of existing genera
(discussed in Wilmotte and Herdman [1]). As the names of cyanobacterial cultivars can
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often be unreliable, it is difficult to evaluate the relative molecular phylogeny of key
genera. The SSU rRNA gene has long been established as a useful phylogenetic marker
[9]. Although novel cyanobacterial SSU rRNA gene sequences and diversity are steadily
accumulating in public databases (see 3.1 and 3.2) there has not been a recent effort to
establish a well-supported topology of the 16S SSU rRNA gene cyanobacterial
phylogeny. Past studies of cyanobacterial 16S phylogeny have elicited conflicting results
and the use of different collections of sequences makes it difficult to reconcile topological
differences. Moreover, the consensus state of the organismal, systematic taxonomic
outline for cyanobacteria is in flux [125, 126]. The unsettled nature of cyanobacterial
phylogeny and systematics seems to have bled over into the SSU rRNA databases as
there is little organizational consistency aspects of cyanobacterial taxonomy between
three major SSU rRNA gene databases, the Ribosomal Database Project (RDP) [127],
Silva [18] and Greengenes [17].
Most differences between the SSU rRNA databases are likely due to the inconsistent
sources from which each database derives its taxonomic nomenclature for
cyanobacteria. 3.1 summarizes the foundation of each of the three aforementioned
cyanobacterial taxonomic hierarchies.
Table 3.1: Summary of Nomenclature Sources for Major SSU rRNA Databases
Database Foundation for Cyanobacterial Taxonomic Nomenclature
RDP Wilmotte and Herdman [128]
Silva Castenholz [125], Euzeby [129]
Greengenes Komarek and Hauer [130]
Culture-independent surveys have been, and, with the dropping cost of DNA
sequencing are projected to remain, popular methods to probe microbial ecology. A
standard step when analyzing SSU rRNA libraries is to “classify“ the likely organisms
from which the sequences were derived [49]. Classifications can act as ecological units
for categorical comparisons between samples [131], a taxonomic annotation to an
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Figure 3.1: Cumulative sum of cyanobacterial 16S sequences submitted to public se-
quence databases.
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Figure 3.2: Cumulative sum of cyanobacterial 16S OTUs submitted to public sequence
databases. 3% and 5% are typically used to denote “species”-level and “genus”-level
microbial taxa, respectively.
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Operational Taxonomic Unit (OTU) of note [120], as well as a preliminary binning
method for collecting sequences from a particular group for a study of biogeography
[132]. Methods for classifying sequences range from simple nearest neighbor strategies
using searching algorithms such as BLAST [133], to progressive refinements of BLAST
results that take into account numerous closely matching reference sequences [134],
and alignment-independent algorithms based on overlaps of nmer-catalogues derived
from reference and query sequences [49]. Regardless of the algorithm chosen for
classification, the quality of the underlying ”training“ database will influence the reliability
of classification results [114, e.g.]. We present an analysis of cyanobacterial 16S gene
taxonomic organization that will inform researchers of the limitations of current systems
as well as help researchers to understand the relationships between taxonomic groups
recognized by major SSU rRNA gene databases.
3.1 Results
The following are results of investigations of SSU rRNA databases. 3.2 summarizes
which database versions were used for each analysis.
Table 3.2: Database versions used in this study.
Database Version
Silva SSURef111
RDP Full Release Version 10 and RDP Classifier training set Version 9
Greengenes Sequences used by McDonald et al. [135]
3.1.1 Review of taxonomic organizations
The different nomenclatural foundations for the RDP, Silva and Greengenes SSU
rRNA databases (see 3.1 has led to three starkly different taxonomic organizations.
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3.1.1.1 Broad groups
Silva, based on Castenholz [125], distributes cyanobacteria into five “subsections”
and one subgroup that contains the Chlorogloeocystis genus. Additionally, SSURef111
shows many basal clades outside of typical cyanobacterial diversity classified as
cyanobacteria that are seemingly candidate classes. The candidate classes will be
omitted from the following discussion but reviewed later. As shown in 3.3, the
subsections are not phylogenetically coherent in the Silva SSURef111 guide tree.
Subsection IV appears to be the only coherent group. SubsectionI contains the most
sequences (3312) followed by subsections III (1903) and IV (1595). Comparatively,
subsections II, V and SubgroupI have significanly fewer sequences (199, 116, 7,
respectively; see 3.5). Greengenes organizes cyanobacterial 16S gene sequences into
four classes in addition to two candidate classes that will similarly omitted from this
discussion. The Greengenes classes appear to be more phylogenetically coherent than
the Silva subsections based on the Greengenes guide tree (see 3.4). Polyphyly is still
apparent in the major groups although the Nostocphycideae class is monophyletic.
Similarly to the Silva distribution, the number of sequences per major group for
Greengenes is uneven (shown in 3.6). The Synechococcophycideae class possesses
the most sequences (2072) followed by the Oscillatoriophycideae (985) and then the
Nostocphycideae (940). Only 5 sequences are categorized in the
Gloeobacterophycideae. The RDP only organizes cyanobacteria into two levels beyond
phylum. The broader of the two levels has 14 groups and the level below has 15 groups.
Essentially, 14 of the 15 broad groups span both subphylum levels and only one broad
group is further divided into two sub-groups. The RDP does not supply a guide tree. The
immediate subphylum groups in the RDP and the level after is just called “group” (e.g.
FamilyI;GroupI). 3.7 summarizes the distribution of sequences into the RDP taxonomic
hierarchy for Cyanobacteria. RDP adheres to a strict six-rank taxonomic hierarchy.
Within the hierarchy Cyanobacteria/Chloroplast sequences are organized into a Phylum,
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Cyanobacteria alone is a class and following is the “family” group. The highest resolution
classification which would typically correspond to the genus level (level six) for other
bacterial sequences in the RDP is where the “group” names fall.
3.1.1.2 Genera
Silva recognizes 64 genus names. Synechococcus possesses the most sequences
in the Silva system, 1363, followed by Prochlorococcus (1102 sequences). There is a
significantly skewed distribution of sequences per genus in the Silva database (see 3.8).
Greengenes recognizes less genera, 52, but shows a similarly skewed distribution of
sequences per genus. The most abundant genus annotation in the Greengenes
database is Prochlorococcus, 1706 sequences, followed by Nostoc, 249 sequences, and
Dolichospermum, 233 sequences (see 3.9). Silva does not incorporate the
Dolichospermum name in its taxonomic hierarchy. There are comparatively fewer
Synechococcus annotations in Greengenes where Synechococcus is the twelfth most
abundant annotation, 54 sequences, versus Silva where it is second (see above). The
union of the Silva and Greengenes list of genus names is 74 names long but the
intersection of the databases is only 42 genera. Greengenes includes 10 genus names
that Silva does not whereas Silva includes 22 names not found in Greengenes. The RDP,
as discussed above, does not subdivide its immediate subphylum groups with one limited
exception being the subdivision of FamilyII into groups IIa and IIb. The RDP does not
incorporate any of the historical cyanobacterial genus names in its taxonomic system.
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Figure 3.3: Silva Guide tree of cyanobacterial 16S gene sequences (SSURef111) colored
and collapsed by “class” annotations. Width of clades denotes number of sequences
within the clade.
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Figure 3.4: Greengenes Guide tree of cyanobacterial 16S gene sequences colored and
collapsed by “class annotations. Width of clade denotes number of sequences within the
clade.
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Figure 3.5: Counts of sequences in broadest suphylum cyanobacterial groups in the Silva
(SSURef111 taxonomic hierarchy.)
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Figure 3.6: Counts of sequences in the cyanobacterial classes in the Greengenes taxo-
nomic hierarchy.
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Figure 3.7: Counts of sequences in RDP cyanobacterial ”groups“.
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Figure 3.8: Counts of sequences in Silva genera.
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Figure 3.9: Counts of sequences in Greengenes genera.
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3.1.2 Increase in known diversity by addition of sequences to public databases
A significant number of cyanobacterial 16S rRNA gene sequences get submitted to
public databases yearly (3.1). Additionally, new 16S gene sequence submissions add to
the known diversity of cyanobacteria 16S gene sequence space (3.2). 3.2 shows that not
only are new cyanobacterial sequences being incorporated in SSU rRNA gene
sequences databases but that the new sequences are forming novel OTUs at both 97%
and 95% sequence identity thresholds. Further, the majority of cyanobacterial 16S rRNA
gene 97% and 95% sequence identity OTUs do not possess a cultured representative
(see 3.10). The accumulation of diversity within Cyanobacteria tracks well with the
accumulation of 16S rRNA gene diversity within more broad groups like bacterial phyla
and the Archaeal domain [9, 136].
3.1.3 Analyses of the width of taxonomic levels
As expected, 3.11 and 3.12 show that higher-resolution taxa in the hierarchy of the
Silva and Greengenes taxonomic systems are generally narrower phylogenetically.
Notably, however, significant overlap between the groups on different levels in the
taxonomic hierarchy (e.g. some genera have the same minimum inter-taxon identity as
subsections of classes) can be observed in the overlapping level-specific cumulative
histograms of minimum inter-taxon identity (metric for phylogenetic group width [53])
(see 3.11 and 3.12). The Silva system appears to have wider groups as compared to
corresponding levels in the Greengenes system. The RDP groups are more consistent in
width to each other than any taxon level in the Silva or Greengenes taxonomic
hierarchies (3.13). The RDP Classifier training set which is a subset of the full RDP
database meant to be used for training the RDP Classifier algorithm appears to be
consistent in terms of general taxonomic group phylogenetic width with the full RDP
database.
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Figure 3.10: Cultured representation in cyanobacterial OTUs.
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Figure 3.11: Cumulative taxonomic level-specific cumulative histograms of minimum inter-
taxon identity for taxonomic groups in the Silva SSURef111 SSU rRNA gene database.
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Figure 3.12: Cumulative taxonomic level-specific cumulative histograms of minimum inter-
taxon identity for taxonomic groups in the Greengenes SSU rRNA gene database.
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Figure 3.13: Cumulative taxonomic level-specific cumulative histograms of minimum inter-
taxon identity for taxonomic groups in the RDP SSU rRNA gene database.
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3.1.4 Consistency of high resolution classifications with common clustering
methods
Normalized Mutual Information (NMI) has recently been used to evaluate the
consistency of OTU assignments with taxonomic annotations in an effort to compare
clustering algorithms and bioinformatics methods for 16S rRNA gene sequence analysis
[56]. Here NMI was used similarly, not to evaluate clustering, but to measure the
consistency between database cyanobacterial taxonomic annotations and typical 16S
rRNA gene OTU assignment methods (see 3.14). Additionally, we employed a purity
metric to further assess how annotations track with OTU assignment.
The NMI scores for the Silva database genus annotations peaked at the 97% identity
threshold for OTU assignment and did not reach as high of values as either Greengenes
genus or RDP group annotations. The Silva NMI peak was placed at a higher sequence
identity clustering threshold suggesting the Silva genera are more narrow phylogenetic
groups than the Greengenes genera or the RDP groups.
The NMI scores were inconsistent with the cumulative histograms of minimum
inter-taxon identity for the Silva database that showed the Silva taxonomic groups to be
generally wider than corresponding groups in Greengenes. The Greengenes genus NMI
scores peaked at the 95% sequence identity threshold for OTU assignment and reached
approximately as high a value as the NMI peak for the RDP Classifier training set. The
higher NMI scores for Greengenes and the RDP Classifier training set as compared to
the Silva genus scores suggests that Greengenes and RDP taxonomic annotations are
more consistent with standard OTU assignment methods than Silva. The full RDP
training set showed lower NMI scores than the RDP Classifier subset but peaked at the
same point, 91% sequence identity. The RDP “Groups” appear significanly wider than
Silva or Greengenes genera based on clustering and annotation consistency.
Purity can be use to assess the homogeneity of clusters with respect to an
independent classification. As shown in 3.15 purity values for clusters support the finding
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that Silva genera are generally narrower in phylogenetic scope than the Greengenes
genera or the RDP groups. Purity scores for all three database systems begin to drop at
the point NMI scores peak. The Silva purity scores do not reach a value 1.0 even at high
identity clustering thresholds suggesting that some sequences sharing high sequence
identity are placed into different taxonomic groups in the Silva system.
3.1.5 Additional considerations
Both the Silva and Greengenes databases recognize candidate cyanobacterial
classes that fall outside what is generally considered the cyanobacterial clade rooted by
Gloeobacter violaceus (3.3 and 3.4). Silva recognizes five such candidate classes and
Greengenes recognizes two. The ’description’ field for cyanobacterial candidate class
sequences in the Silva SSURef111 database includes many entries related to feces
samples. It appear that the candidate class microbes are commonly found in gut
microbiomes. In fact, one of the first studies to discuss the peculiar phylogenetic
placement of sequences near but not in Cyanobacteria is a study of mouse gut
microbiomes [137]. The types of environments where the candidate classes are found
suggest that the 16S sequences were derived from a non-phototroph and could
represent the closest non-phototrophic relative to oxygenic phototrophs although it is not
clear that the candidate classes should be considered part of the Cyanobacteria phylum.
The RDP, Silva and Greengenes all incorporate Chloroplast within the Cyanobacteria.
It should be noted that simple grouping algorithms that collapse annotations into group
counts at a given taxonomic level may count chloroplast sequences as part of the
cyanobacteria group. This may or may not be desirable to the researcher depending on
the application. Also, the candidate classes discussed above may be counted as
cyanobacteria given their placement in the Silva and Greengenes taxonomic hierarchies.
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Figure 3.14: NMI scores for Silva and Greengenes genus as well as RDP group annota-
tions over a range of OTU assignment sequence identity thresholds.
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Figure 3.15: Purity scores for Silva and Greengenes genus as well as RDP group anno-
tations over a range of OTU assignment sequence identity thresholds.
63
3.2 Discussion
To produce the taxa abundance distributions that are a pillar of biological diversity
research [8] organisms must first be placed and counted into ecologically relevant
categories. The phylogenetic groups within cyanobacteria based on the taxonomic
systems of major SSU rRNA gene sequence databases are not of uniform width within
any given taxonomic level of resolution. This is not a curation mistake but likely due to
uneven sampling of diversity by microbial ecologists. When classifying SSU rRNA gene
sequences from a culture-independent study of a microbiome the resulting taxonomic
counts will share the bias of the reference data utilized by the classification algorithm.
Therefore, database bias should be considered when utilizing categorical counts based
on cyanobacterial taxonomic annotations to surmise taxa abundance distributions.
Although it has been noted before that the major SSU rRNA gene sequence
databases do not have entirely overlapping namespaces, to our knowledge namespace
discrepancies have not been discussed beyond the phylum level. Cyanobacterial SSU
rRNA gene sequences are perhaps the most severe example of database organization
differences as the broadest phylogenetic groups within Cyanobacteria for the RDP, Silva
and Greengenes share no namespace at all. At higher levels of resolution the Silva and
Greengenes databases have names in common but still many are unique to one
database or the other and RDP employs an entirely different organization.
It is difficult to assess the performance of the databases with respect to taxonomic
curation of cyanobacteria relative to each other without an accepted ground truth by
which to judge them. However, we can surmise that the RDP and Greengenes have
taxonomic classifications that are more consistent with standard OTU assignment
methods utilized in microbial diversity studies. Additionally, the Silva database shows
lower purity scores for taxonomic annotations even within closely related groups.
Keeping the low purity scores in mind and the narrow genus groupings suggested by
NMI scores versus the lower minimum intra-taxon identities as opposed to
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corresponding Greengenes taxonomic groups, it appears that the Silva database has
more non-matching taxonomic annotations between pairs of closely matching
sequences and perhaps identical taxonomic annotations between divergent sequences.
This is not likely a curation mistake, however, but rather a product of forcing an inflexible
taxonomic system on a non-matching phylogeny and/or utilizing sequence annotations
for cultured strains from original sequence submissions that are notoriously error-prone.
Nonetheless, database curators provide an essential service without which
metagenomic studies would not be possible and they tackle the difficult problem of
reconciling microbial systematics with molecular phylogenies.
3.3 Methods
The following are the bioinformatic methods used to produce the analyses and
figures above.
3.3.1 Cumulative cyanobacterial sequences
To find the cumulative number of cyanobacterial 16S gene sequences being
deposited in public databases yearly all sequences that were classified as
“Cyanobacteria” by at least two of the three databases reviewed base on annotations in
Silva SSURef111 were selected. The submittal date for each selected sequence was
taken from the “submit date” field for Silva SSURef111 entries. To estimate the
cumulative yearly sum of new cyanobacterial OTUs cyanobacterial sequences (above)
were clustered using distances based on the Silva SSURef111 alignment and clustered
at the indicated thresholds with an average neighbor algorithm. The minimum submit
date for each OTU was considered the date the OTU was first deposited. Mothur [46]
was used to calculate distances (each indel counted as one column, terminal gaps were
considered) and cluster as well as to trim the alignment to coordinates such that all
sequences fully overlapped before distance calculations.
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3.3.2 Sequence alignment and clustering
All alignments were done using the NAST [138] aligner incorporated into the Mothur
[46] software. The Silva reference alignment for bacteria as made available on the




Where one indel counted as one column and terminal gaps were considered.
Hierarchical clustering was done using the average-neighbor algorithm in the Mothur
software. Prior to distance calculations all multiple sequence alignments were trimmed
to alignment coordinates such that all sequences overlapped from beginning to end.
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CHAPTER 4
CYANOBACTERIAL CONSTRUCTION OF HOT SPRING SILICEOUS
STROMATOLITES IN YELLOWSTONE NATIONAL PARK
This chapter was published in the journal Environmental Microbiology (2012):
• Pepe-Ranney, C., Berelson, W.M., Corsetti, F.A., Treants, M., and Spear, J.R.
(2012). Cyanobacterial construction of hot spring siliceous stromatolites in
Yellowstone National Park. Environmental Microbiology, 14(5), pp1182-1197.
CPR did the field work, molecular laboratory work, bioinformatic analysis of 16S
sequence libraries and wrote the manuscript. WMB, WMC and JRS helped edit the
manuscript. JRS aided with field work and discovered the stromatolite. MT aided with
construction of clone libraries.
Stromatolites are laminated, accretionary structures commonly interpreted as a
lithified manifestation of microbial life [107] and are observed in rocks as old as 3.4 billion
years [139]. Stromatolites were common in shallow marine environments of Precambrian
age, but became much more rare after the diversification of metazoan life, ca. 542 million
years ago [140]. “Living” marine stromatolites found in Shark Bay, Western Australia
[94, 95, 109] and Highborne Cay, Bahamas [98–100, 108, 141–143] lend insight into the
biological significance of ancient forms. The microstructure of the modern marine
examples, however, is rather coarse compared to most ancient forms [94, 144, 145].
Berelson et al. [145] reported finely laminated stromatolites growing in a hot spring in
Yellowstone National Park (YNP), Wyoming, that constitute a somewhat better textural
analogue to ancient stromatolites versus the modern marine examples. Berelson et al.
[145] focused on growth rates and a formal description of the stromatolites from a
geological perspective. Here, we focus on the molecular biology, environmental context,
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and evolutionary importance of the microbial communities building the finely-laminated
stromatolites from YNP. Most ancient stromatolites are composed of calcium carbonate,
whereas the YNP examples described here are siliceous. Early lithification is crucial for
a mat to form a stromatolite over time, regardless of the geochemistry of the system. In
YNP, early lithification occurs as silica precipitates in association with the mats, thus
forming an excellent textural, if not geochemical, analogue for many finely-laminated
ancient stromatolites. Moreover, living [146] and ancient [147, 148] carbonate
stromatolites appear to be formed by alternating layers of cyanobacterial filaments
oriented vertically and prostrate, similar to the stromatolites discussed in this study.
Thus, the mat behaviors are similar, even if the early lithification is provided by silica or
carbonate.
The living, siliceous stromatolites of this study grow around the rim of a hot spring in
shallow water centimeters in depth. The stromatolites are built by accretion of
silica-encrusted cyanobacterial mats. The bulk of the structure is comprised of silica
tubes that are the remains of filamentous cyanobacteria [145] (see 4.1H). Fine, distinct
laminations are the result of the uniform but alternating growth orientation of
cyanobacterial sheaths, closely resembling a pattern described for another siliceous
sinter at an unspecified YNP hot spring [94]. Specifically, silica-encrusted filaments in a
single layer are either oriented sub-normal or sub-parallel to the surface and the textural
differences between normal and parallel orientation gives rise to light and dark
laminations visible to the naked eye [145] ( 4.1A). The microstructure also resembles
that described by Jones et al. [149] insofar as it is comprised of lithified filaments in
alternating orientation.
The objective of this study is to present the molecular phylogenetic makeup of the
cyanobacteria in stromatolite-building mats. Molecular tools have been used to elucidate
microbial diversity of other modern analogs. For instance, community characterizations
of microbial populations in stromatolites by 16S rRNA gene sequence surveys have
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Figure 4.1: Selected images of stromatolite facies. All scale bars are 10 m unless oth-
erwise indicated. A. Cross-section of stromatolite from which CDM samples in August
of 2006 were collected. Gradations in scale bar across bottom of image are millimetres.
B. Cartoon depicting the location of facies in cross-section A. C. Stromatolite from image
Ain situ. D. Autofluorescence image of predominant morphotype in SFM. E. Thin sec-
tion image of Main Body lithofacies. F. Autofluorescence image of predominant phylotype
in CDM samples from August of 2006. G. Thin section image of Drape lithofacies. H.
Electron micrograph of silica tubes that comprise Main Body lithofacies.
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shown that microbial community membership correlates well with stromatolite shape in
the Shark Bay system [109], and that species richness increases with, and may be
linked to, lithification in the Highborne Cay system [100]. In this study, information from a
16S rRNA gene sequence molecular survey of stromatolite mats was used to (1)
investigate the cyanobacterial membership profiles of stromatolite-building mats and (2)
describe the phylogeny of stromatolite-associated cyanobacteria. We report on rare
biosphere membership relationships between different surface mat types and a novel
cyanobacterial phylotype that is constructing the predominant stromatolite lithofacies.
Although microbial cell morphology is commonly conservative (the specific genetic
component of Precambrian stromatolites will likely never be known), understanding the
molecular taxonomic composition of a modern example that most closely resembles the
texture of the ancient stromatolites represents an important step in understanding
stromatolite morphogenesis.
4.1 Results
Centimeter scale living stromatolites with sub-millimeter lamination grow around the
rim of a hot spring in upper Hayden Valley in Yellowstone National Park (YNP) [145]. The
water in the hot spring is 56 circC during the day and the pH is 5.7. pH does not fluctuate
significantly, however temperature varies with wind and weather conditions [145]. The
general water chemistry of the hot spring has been reported by Spear et al. [150] (see
Obsidian Pool Prime). We measured combined nitrogen on-site to assess whether the
hot spring communities could rely on nitrogen from hot spring water or had to fix
atmospheric nitrogen for growth. The NH4+, NO2−and NO3−concentrations in the hot
spring were all below the detection limit (0.20 ppm as N, 0.080 ppm as N and 0.10 ppm
as N, respectively) when measured in October of 2010. The sulfide concentration of
water near the perimeter of the north end of the hot spring was measured in August 2008
at 0.224 ppm. Most stromatolites appear to be growing from the rim of the pool inward,
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but isolated stromatolites away from the shore grow upward and outward in all directions.
The stromatolites grow by accretion of silica-encrusted cyanobacterial mats [145] and
our study focuses on yet-to-be encrusted mats. Two morphologically distinct
cyanobacterial surface mats have been observed as part of the stromatolites; one
possesses short coccoid chains and branching-filamentous cyanobacterial morphotypes
in addition to silica diatom frustrules and is found forming a layer of the stromatolite when
the structures protrude from the water. The other has non-branching cyanobacterial
filaments lacking heterocysts and is found when stromatolites are submerged or at the
water surface. The mats with coccoid chains and branching morphotypes could be easily
smeared off of stromatolites and were texturally less cohesive and fabric-like than the
non-branching filamentous mats which tightly adhered to surfaces as a cohesive fabric of
uniform thickness. Here we call the exposed Mat type with Cocci/Diatom morphotypes
CDM and the Submerged Mat type with the non-heterocystous Filamentous morphotype
SFM.
To study the microbial communities of surface mats with molecular methods, we
collected samples of each mat type. Specifically: two samples were of the CDM, each
from an exposed but moist mat on a stromatolite elevated just above the water (see
4.1C); and two samples were collected on separate visits to the hot spring from the SFM
on mostly submerged stromatolites. Samples of the SFM were collected in different
seasons (winter and summer). Greater coverage of the cyanobacterial mats around the
hot-spring have been observed in all winter trips to the field site. It appears as though
the lower light intensities in addition to the lower ambient temperatures and possibly
reduced grazing during the winter are more suitable for the cyanobacteria. All samples
were collected in the daytime and it is not known how community structure shifts over the
short-term (i.e. throughout the day and night).
Microstructure observations by thin section and scanning electron microscopy (SEM)
revealed two lithofacies inside the stromatolites [145] that correspond to the surface
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mats. For clarity, this study discusses samples from the two types of surface mats on the
stromatolites (CDM and SFM above). Each type is eventually silica-encrusted and
preserved as a distinct lithofacies. Morphotype similarities between each mats
cyanobacteria and each lithofacies’ silica forms (see 4.1D-G) allowed us to discern the
relationships between mats and lithofacies. The bulk of the stromatolites interiors can be
categorized into a lithofacies composed of non-branching silica filaments (called the
Main Body Facies by Berelson et al. [145]) ( 4.1E) which corresponds to the SFM. The
second lithofacies, referred to by Berelson et al. [145] as the Drape Facies, corresponds
to the CDM ( 4.1G).
Bacterial small sub-unit (SSU) rRNA gene libraries of pyrosequences and nearly
full-length Sanger sequences were produced for diversity and phylogeny investigations,
respectively. Pyrosequence library names and descriptions are summarized in 4.1 and
methods; all library names indicate the mat type of the librarys sample (CDM or SFM).
Cyanobacteria comprise the most abundantly found phylum in each pyrosequence
library (4.2A) and the cyanobacterial 16S rRNA sequences from each surface sample
are of predominantly one phylotype (see 4.2B). When mat samples are viewed under the
microscope it appears cyanobacteria comprise a greater fraction of biomass than
representation in 16S rRNA gene sequence libraries indicate. The dominant phylotype of
the SFM (4.2B) corresponds to the dominant SFM morphotype by qualitative
comparisons of phylotype and morphotype distributions and is likely preserved as the
silica tubes, essentially building the stromatolites.
4.1.1 Predominant Cyanobacterial Phylotypes
CDM Samples. Libraries PCDM0806a and PCDM0806b are dominated by one
major and one minor phylotype (4.2B). 4.3 shows the distribution of
non-singleton/doubleton cyanobacterial sequences in PCDM0806a and PCDM0806b.
As shown in 4.2B, two lineages possess the majority of the cyanobacterial membership
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Table 4.1: Sample and corresponding library information.
Mat Sequence Sequence Sample Collection
facies info library description date
# of seqs, name
avg length(s.d)







CDM 2063, 233(25) PCDM0806b same as above August 2006






SFM 1706, 217(28) PSFM0809 Same as above August 2009
Figure 4.2: A. The bar chart depicts the distribution of pyrosequencing reads into phyla for
each pyrosequence library. B. Rank abundance plot of cyanobacteria 97% identity OTUs
in the combined PSFM and PCDM libraries respectively.
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in each CDM pyrosequence library (99% and 98%). The most abundant phylotype in
both samples (85% and 92% of total cyanobacterial sequences) is shown as the red
cluster of 4.3; the average pairwise identity in this cluster is 99.22%. All sequences in the
red clade have the same nearest neighbor by BLAST (97.86% - 99.57% identity) in the
Silva SSURef104 database [18], a database of near full-length, annotated and curated
SSU rRNA gene sequences. The nearest-neighbor is a 16S sequence from a cultivar in
the Pasteur Culture Collection (PCC) annotated as Chlorogloeopsis HTF sp. PCC 7518
(Accession X68780) [151]. Cyanobacteria in the Chlorogloeopsis HTF are heterocystous
and are arranged in short chains or aggregates of coccoidal cells [125]. Morphotypes
from CDM samples fitting this description have been observed by microscopy (4.1).
The second most abundant phylotype in the CDM libraries (14% and 6% of total
cyanobacterial sequences in the pyrosequence libraries) has 100% sequence identity to
a 16S rRNA gene sequence from an unpublished study of microbial communities in
Australia’s Great Artesian Basin (Accession AF407696). The sequence also has 99.09%
identity by BLAST to Fischerella (Mastigocladus laminosus) cultivars isolated from Costa
Rica hot springs (Accession DQ786171, [152]). True-branching filaments characteristic
of the Fischerella genus [125] have been observed by microscopy in our CDM samples.
4.4 shows the phylogenetic placement of near full-length sequences that represent the
two most abundant phylotypes of CDM pyrosequence libraries.
SFM Samples. 93% and 82%, respectively, of cyanobacterial sequences in the SFM
libraries PSFM0809 and PSFM0209 fall into one cluster with 98.77% average
intra-cluster identity; this cluster is colored blue in 4.3. Each sequence in this dominant
cluster has the same nearest neighbor (98.6% to 100% identity) by BLAST in Silva
SSURef104. The nearest-neighbor is an unpublished sequence from a travertine hot
spring in SW Japan (Accession AB518480) and is not classified beyond the phylum level
by Greengenes [17], the Ribosomal Database Project (RDP) [19], or Silva. The SW
Japan hot spring displays carbonate geobiological structures interpreted to be
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stromatolites, although the noted sequence is unpublished and it is unclear whether it is
associated with a microstructure organization that is comparable to the YNP
stromatolites.
Some rare sequences (<3% of total sequences) in the SFM libraries are the
predominant CDM phylotype. Conversely, no sequences from the CDM samples fall into
the predominant cluster of the SFM samples (4.3). To assess the phylogeny of the
predominant phylotype of PSFM0809 and PSFM0209, nearly full-length 16S rRNA gene
sequences were produced (Sanger sequenced) from the samples. One sequence, with
optimal length (1364 bp) and quality (average QScore, 54.4), that shared 98.61% identity
with the most abundant PSFM pyrosequence library sequence and up to 100% identity
with other sequences in the predominant cluster (blue cluster 4.3) was selected to
represent the predominant SFM phylotype. This near full-length representative sequence
will hereafter be referred to as SFM-seq. Sequences in Genbank [153] and SSUParc106,
a curated database of all SSU rRNA gene sequences (short and long) from public
repositories of biological sequences, that share high identity (97% or greater) to
SFM-seq are summarized in 4.2 and include one cultivar ”Microcoleus” sp. PCC 8701
(Accession AY768403), that was isolated from a sulfur hot-spring in Amelie Les Bains,
Fance (PCC) in addition to several other travertine mat sequences from a Japan
hot-spring.
We determined the phylogenetic placement of SFM-seq and its SW Japan travertine
near-neighbor by reconstructing their phylogeny in the context of a broad reference set
of cyanobacterial 16S rRNA gene sequences. Although cyanobacteria have historically
been classified into five subsections, the topology of cyanobacterial 16S phylogeny has
shown more than five basal lineages [1, 154, 155]. We chose to investigate the
phylogeny of SFM-seq in the context of the cyanobacterial groups recognized by the
RDP [19] that are based on the topology described by Wilmotte and Herdman [1]. The
phylogenetic placement of SFM-seq and the SW Japan travertine sequence is outside all
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Table 4.2: Sequences in SSUParc106 and/or Genbank with at least 97% identity to SFM-
seq
%ID Accesion Full name Study title Description
PubmedIDto Number of in in in
SFM-seq top hit SSUParc106 SSUParc106 SSUParc106
99.91 FJ885932 uncultured cyanobac-
terium
Variable community structures in mi-
crobial mats of the mesothermic
border of hot spring pools in YNP
Uncultured cyanobacterium clone
O1UDE03 16S ribosomal RNA
gene, partial sequence.
99.81 AY768403 Microcoleus sp. PCC
8701
Cyanobacterial natural products
genes: a source of novel genes for
creating a metabolically engineered
microbe
Microcoleus sp. PCC 8701 16S
ribosomal RNA gene, partial se-
quence.
99.02 AB614537 N/A Laminated microbial mat on
Nagano-yu travertine3
Uncultured bacterium gene for 16S
rRNA, partial sequence, clone: S1-
1014
98.62 AB614557 N/A Laminated microbial mat on
Nagano-yu travertine3
Uncultured bacterium gene for 16S
rRNA, partial sequence, clone: S2-
524
98.51 EF660480 uncultured bacterium A survey of the alkalithermophilic
prokaryotic diversity from the hot
spring waters in Coamo Puerto Rico
Uncultured bacterium clone F26
16S ribosomal RNA gene, partial
sequence.
98.51 EF660494 uncultured bacterium A survey of the alkalithermophilic
prokaryotic diversity from the hot
spring waters in Coamo Puerto Rico
Uncultured bacterium clone F60
16S ribosomal RNA gene, partial
sequence.
98.32 AB614561 N/A Laminated microbial mat on
Nagano-yu travertine3
Uncultured bacterium gene for 16S
rRNA, partial sequence, clone: S2-
604
98.21 AB518480 uncultured bacterium Microbial process forming daily lam-
ination in an aragonitetravertine, Na-
gayu hot spring, SW Japan
Uncultured bacterium gene for 16S
ribosomal RNA, partial sequence,
clone: H2
98.12 AB614539 N/A Laminated microbial mat on
Nagano-yu travertine3
Uncultured bacterium gene for 16S
rRNA, partial sequence, clone: S1-
1064
98.02 AB614535 N/A Laminated microbial mat on
Nagano-yu travertine3
Uncultured bacterium gene for 16S
rRNA, partial sequence, clone: S1-
434
97.91 DQ146324 uncultured Nostoc
sp.
Watering, fertilization, and slurry in-
oculation promote recovery of bio-
logical crust function in degraded
soils
Uncultured Nostoc sp. isolate
DGGE band 24 16S ribosomal RNA
gene, partial sequence.
16710791
97.71 DQ146332 uncultured Lyngbya
sp.
Watering, fertilization, and slurry in-
oculation promote recovery of bio-
logical crust function in degraded
soils
Uncultured Lyngbya sp. isolate
DGGE band 14 16S ribosomal RNA
gene, partial sequence.
16710791
97.01 DQ146331 uncultured Lyngbya
sp.
Watering, fertilization, and slurry in-
oculation promote recovery of bio-
logical crust function in degraded
soils
Uncultured Lyngbya sp. isolate
DGGE band 13 16S ribosomal RNA
gene, partial sequence.
16710791
1 %ID is the default identity definition in USearch version 4.1.93
2 %ID is the identity definition for NCBI BLAST
3 Study title in Genbank
4 Sequence description in Genbank
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recognized subphylum cyanobacteria groups in the RDP taxonomy suggesting the
sequences constitute a novel basal lineage in the cyanobacteria (4.5A).
An analysis of the diversity of cyanobacteria found in eight other 16S rRNA surveys
of living stromatolites reviewed by Foster and Green [2] [95, 98, 100, 106, 111, 156, 157]
shows that a wide diversity of cyanobacteria are found to be associated with living
stromatolites (4.6). There does not appear to be any clear relationship between the
major phylotypes found in this study and the cyanobacteria 16S rRNA sequences
generated in surveys of other modern stromatolite analogues. There does appear to be
a faint correlation between cyanobacterial membership with qualitative salinity
(freshwater versus marine/hypersaline) in living stromatolite systems. Salinity has shown
to have a high correlation with community membership on the global scale [112]. No
published 16S rRNA gene sequences from living stromatolite systems show significant
identity to SFM-seq (see 4.6).
4.1.2 Major Non-cyanobacterial Phylotypes
As shown in 4.2, the pyrosequence libraries have overlapping membership at the
phylum level in most of the abundantly found phyla. One clear difference is the low OP10
membership of 16S rRNA gene sequences in the SFM libraries. Only one OP10 16S
rRNA gene sequence was recovered in each SFM library. OP10 is found in relatively
higher abundance in the CDM libraries (7% and 3% of total sequences, 4.7). However,
when examining the distribution of sequences in this abundantly found phyla at higher
resolution, there are several differences in the membership and structure of the CDM
versus the SFM. Both the SFM and the CDM have members in the Bacteroidetes, OP10,
Chlorobi and Chlorflexi groups, yet the most abundant operational taxonomic units
(OTUs) with each of those phyla are not consistent between the SFM and the CDM (see
4.7). For instance, 82 and 92% of of Chlorobi sequences in PCDM0806a and
PCDM0806b are in the same 97% identity OTU but none of the SFM sequences fall into
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this OTU. Interestingly Chlorflexi appears to be a major member of many cyanobacterial
mats in YNP based on 16S rRNA gene surveys. [3, 68] but only comprises a maximum
of 9% of sequences in any pyrosequence library generated in this study. The most
abundant non-cyanobacterial phylum in the pyrosequence libraries is
Deinococcus-Thermus (4.7 and 4.1.3). The most abundant 97% identity OTU within
Deinococcus-Thermus is closely related to Meiothermus silvanus an aerobic heterotroph
isolated from hot-springs in northern Portugal (Tenreiro 1995).
4.1.3 Alpha Diversity
Rarefaction curves show richness of the CDM is less than the SFM (4.8). This trend
holds for cyanobacterial specific richness as well. 4.4 summarizes the alpha diversity
predictions of each sample as calculated by CatchAll [158]. The slopes of rarefaction
curves for all pyrosequence libraries seem to be approaching asymptotes indicating the
majority of the diversity in each sample has been recovered. Parametric richness
estimates of entire pyrosequence libraries from each sample, however, indicate a
significant amount of OTUs still have not been observed. In contrast to the total alpha
diversity, coverage of just unique cyanobacterial sequences is greater. Only 13 unique
cyanobacterial singletons are in the combined pyrosequence libraries. Extrapolating
from the distribution of cyanobacterial reads combined for each mat type using CatchAll,
only an additional 6 and 13 cyanobacterial sequences from the CDM and SFM,
respectively, are predicted to be unobserved in the dataset (4.4).
Table 4.3: Best BLAST hit in SSURef104 to major non-cyanobacterial OTUs
OTU ID1
BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104












BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104
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31 100.00 AY574979 Desulfovibrio
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BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104
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63 91.74 FJ793172 uncultured
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Diversity of Archaea
and Bacteria in the
Tao Dam Hot Spring
in Thailand
Uncultured bacterium
clone TDB50 16S ri-
bosomal RNA gene,
partial sequence.
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BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104
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bosomal RNA gene,
partial sequence.
144 95.40 DQ256728 Chitinimonas
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Y Chitinimonas koreen-
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BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104
175 97.35 FJ915153 Acidisphaera sp.
nju-AMDS1
Microorganisms
in sediment of an
extreme acidic river






mal RNA gene, par-
tial sequence.
185 93.12 FN563324 uncultured
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bosomal RNA gene,
partial sequence.




in Sediment of Dong-
ping Lake
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BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104




nov., a new slightly
thermophilic gamma-
proteobacterium

































286 97.86 AM180886 uncultured
Acidobacteria
bacterium





















gene for 16S rRNA,
partial sequence,
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323 100.00 AJ871169 Meiothermus
timidus
Meiothermus timidus








328 99.55 EU887785 uncultured
Catellibacterium
sp.
PCR and RFLP anal-




























BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104































































clone XJ118 16S ri-
bosomal RNA gene,
partial sequence.






















gene for 16S rRNA,
partial sequence,
clone: 3.









clone MO67 16S ri-
bosomal RNA gene,
partial sequence.









clone kab92 16S ri-
bosomal RNA gene,
partial sequence.
390 100.00 GQ844388 uncultured
bacterium
Microbial diversity in




clone BP-B53 16S ri-
bosomal RNA gene,
partial sequence.









clone kab129 16S ri-
bosomal RNA gene,
partial sequence.





BLAST Accesion Full name Type Study title Description
PubmedID%ID to Number of in strain? in in
top hit2 top hit2 SSURef104 SSURef104 SSURef104
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bosomal RNA gene,
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clone C24.4 16S ri-
bosomal RNA gene,
partial sequence.



























gene for 16S rRNA,
partial sequence,
clone: 456.
1 See 4.7 for relative distribution of above OTUs
2 Based on BLAST searching against the Silva SSURef104 SSU rRNA gene database
4.2 Discussion
4.2.1 Surface Community Structure
By 16S rRNA gene sequence composition, the Submerged, Filamentous morphotype
Mat (SFM) possesses most of the cyanobacterial diversity of the Cocci, Diatom Mat
(CDM) and identical sequences to the most abundant sequence of the CDM (4.3). It has
been postulated that rare members of microbial communities have the metabolic
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Figure 4.3: The heat-map and dendrogram shown here depict the distribution and abun-
dance of nonsingleton/doubleton cyanobacterial reads from the pyrosequence libraries in
this study. The dendrogram is not a phylogeny but a furthest-neighbour clustering of all
pairwise substitution per site comparisons of the sequences.
Table 4.4: Alpha diversity calculations for pyrosequence libraries.
OTU Phylotypes Library Total # of Estimated Estimated Lower Upper
% Name(s) Observed Total Coverage Confidence Confidence
identity OTUs OTUs (%) Bound1 Bound1
100 Cyanobacteria PCDM0806a 15 17.8 84 15.8 25.2
and
PCDM0806b
97 all PCDM0806a 69 178.5 39 102.7 424.6
97 all PCDM0806b 77 160.8 48 117.8 249
100 Cyanobacteria PSFM0809 32 41.3 77 36.1 53.2
and
PSFM0209
97 all PSFM0809 117 198.3 59 161.7 265.2
97 all PSFM0209 108 236 46 169.7 373.5
1 95% confidence bound. For details see Bunge [158].
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Figure 4.4: Maximum likelihood tree depicting the phylogenetic placement of
Chlorogloeopsis and Fischerella phylotypes found in this study. We are using Group
IV cyanobacteria as the outgroup for this tree. Gloeobacter violaceus (PCC 7421), com-
monly used as an outgroup in cyanobacteria phylogenies, falls in Group IV according in
the RDP taxonomic organization of cyanobacteria. Outlined sequences were generated
in this study. The asterisk * denotes sequences that were placed into the tree by pplacer.
Values at nodes are bootstrap support percentages. Nodes without support values were
created by pplacer insertion. Polytomies denote undefined descendant branching order
based on bootstrap values (i.e. nodes with bootstrap support < 50% were collapsed).
Filled clades have cultured representation.
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Figure 4.5: A. Location of the stromatolite building phylotype in a broad, unrooted, maxi-
mum likelihood phylogeny of cyanobacteria. Groups are those named and recognized by
RDP directed by study done by Wilmotte and Herdman [1]. Nodes with bootstrap support
< 50% were collapsed and thus polytomies denote ambiguous branching order of de-
scendant nodes. B. Histogram of all identity values as determined by USearch between
SFM-seq and cyanobacterial sequences in SSUParc106.
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Figure 4.6: Phylogeny of all cyanobacterial 16S SSU rRNA gene sequences from eight
molecular studies of modern stromatolite studies as reviewed by Foster and Green [2].
Accession numbers and short descriptions for reference sequences used to build the
backbone tree are shown. Arrow indicates position of SFM-seq tree. The qualitative
salinity for each stromatolite derived 16S rRNA gene sequence is also shown. Clades with
bootstrap values below 50% were collapsed and therefore polytomies indicate ambiguous
branching order. Gloebacter violaceus PCC 7421 is used as the outgroup.
89
Figure 4.7: Distribution of 16S rRNA gene non-cyanobacterial pyrosequences into 97%
identity OTUs. OTUs with less than or equal to five total 16S rRNA gene sequences
summed across every pyrosequence library are omitted from the figure.
90
Figure 4.8: Rarefaction curves for pyrosequence libraries and just cyanobacterial se-
quences for combined PCDM and PSFM libraries respectively. Sequences were clustered
at 97% identity using UClust. Points in curves represent the average observed OTUs for
10 re-samplings. Libraries were re-sampled at 100 sequence intervals.
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machinery to emerge with environmental changes [35]. In this stromatolite system, it
appears that the Chlorogloeopsis HTF and Fischerella (Mastigocladus laminosus)
phylotypes emerge from the SFM following a shift in environmental conditions. If so,
each progression from the Main Body lithofacies to the Drape lithofacies [145] records an
emergence event of Chlorogloeopsis HTF and Fischerella from rare to predominant
members.
Chlorogloeopsis HTF and Fischerella are found in hot-springs across the globe and
both genera exploit nitrogen-limited waters where they can out-compete
non-nitrogen-fixing cyanobacteria [78]. Fischerella can also be found in high abundance
in YNP where there is sufficient combined nitrogen to make nitrogen fixation
unnecessary [159]. Synechococcus mats are found in many hot-spring outfalls in YNP,
but Fischerella can predominate in waters below 58 circC where the pH is low and/or
sulfide levels are moderate [81]. Chlorogloeopsis HTF (originally Mastigocladus HTF)
was isolated by Castenholz [160] from Icelandic hot-springs where it was found to exhibit
a higher upper-temperature limit than previously described Mastigocladus types.
Similarly to Fischerella, in YNP Chlorogloeopsis HTF predominates in lower pH springs
where Synechococcus is absent [161].
While the SFM preserves a limited reservoir of the predominant CDM phylotypes, the
CDM does not appear to possess the predominant SFM cyanobacterium (4.3). It is
possible that the tube-building phylotype of the SFM would be observed in the CDM with
deeper sequencing, although alpha diversity measurements indicate the sequencing
effort has recovered most of expected unique cyanobacterial sequences (4.8, 4.4).
Therefore, we interpret progressions from Drape to Main Body lithofacies to include a
non-conformity, or period of undetermined length for which there is no corresponding
record of deposition, as it is unknown how long it takes the SFM to reestablish itself on
the stromatolites. Measured growth rates on artificial growth substrates over the short
term have thus far proven to be faster than rates determined by radiometric dating of
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stromatolites with multiple generations of Drape lithofacies [145]. There appear to be
periods of unknown length where the stromatolites are not accreting and these
no-growth periods may coincide with the time it takes to reestablish the SFM.
Berelson et al. [145] describe 14C Csignatures in the YNP stromatolites that suggest
the fixed carbon of the CDM has a greater atmospheric to subsurface CO2 input ratio
than the SFM. Specifically, the Drape lithofacies shows a generally younger carbon age
than the Main Body lithofacies indicating the CDM autotrophs receive more carbon input
from younger atmospheric CO2 as compared to SFM autotrophs that receive a greater
carbon input from older, radiocarbon-dead subsurface CO2 that vents from the hot
spring. One explanation is that the CDM community exists on the stromatolites when
water level in the hot spring drops and stromatolites protrude out of the pool. Indeed, the
CDM has only been observed when stromatolites extend above the waters surface
whereas the SFM is found on more submerged stromatolites. Nitrogen availability,
temperature, sulfide and pH have all proven to be influential in selecting cyanobacterial
phylotypes in hot-spring communities [78] and could potentially change with water level
in this system.
Chlorogloeopsis HTF and Fischerella are both heterocystous [125]. The SFM
cyanobacterium, contrastingly, is not phylogenetically related to heterocystous
cyanobacteria (4.5A) and heterocysts have proven to be a phylogenetically coherent trait
[126, 162]. Stal et al. [163], in a study of the cyanobacterial mats in hypersaline ponds of
Guererro Negro, Baja California Sur, reported a similar trend in relative abundance
differences of heterocystous versus non-heterocystous cyanobacteria in relation to water
level to that observed in this study. Nitrogen fixation and it’s relationship to oxygen
tension could potentially explain the community structuring of submerged versus
non-submerged mats provided combined nitrogen levels are low enough that the
cyanobacteria must fix nitrogen. Presumably, lower diffusion rates in the submerged mat
could allow for oxygen accumulation during the day beyond atmosphere saturation as
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observed in the submerged Baja mats [163]. High oxygen tension would inhibit nitrogen
fixation by heterocystous types that fix nitrogen during the day [164] giving the
advantage to the tube-building phylotype which would presumably fix nitrogen at night
once oxygen had been sufficiently depleted by respiration. Although the NH4+ and
NO3−content of the stromatolite hot-spring was below 0.20 and 0.10 ppm, respectively,
cyanobacterial hot-spring communities in YNP have been shown to survive without fixing
nitrogen in waters with combined nitrogen levels of 0.15 ppm [159]. Therefore, it is
unknown if either mat type is fixing nitrogen. Additionally, it has not been shown that the
SFM accumulates oxygen in the light similarly to the marine Baja mats.
Defined temperature niches in Synechococcus species have been observed within
Octopus Spring (YNP) cyanobacterial mats [76] and inter-genus niches have been
observed along a temperature gradient in Hunter’s Hot Springs, Oregon [78]. Similar
temperature adaptations may be selecting for the cyanobacterial phylotypes in the YNP
stromatolites. The exposed mats would experience greater temperature fluctuations
throughout a 24-hour cycle and with the changing seasons. Also, the CDM would
experience lower temperatures on average than the SFM. Fischerella and
Chlorogloeopsis HTF are considered to be high-temperature tolerant nitrogen fixers,
however, and have been observed in waters up to 58 circC and 64 circC respectively [78].
Fischerella has been found to predominate at temperatures 52 circC but below 56 circC in
a Mammoth Hot-Springs outfall channel, YNP and White Creek, YNP [159]. The
proximity of the apparent upper temperature limit for Fischerella to this study’s water
temperature (56 C) may account for its lower abundance in submerged mats, though
closely related cyanobacteria have been observed to occupy different temperature
niches [76, 165], and therefore ribotype identity of a particular cyanobacterium probably
is not indicative its temperature optimum. Nevertheless, the water temperature of this
study’s hot-spring is within the range of temperatures where Fischerella and
Chlorogloeopsis HTF communities have been previously observed. In fact, temperatures
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of 60 circC have been used to enrich for Chlorogloeopsis HTF in the laboratory [161]. It
does not appear that a water temperature of 56 circC would select against
Chlorogloeopsis HTF but it may be inhibitory to Fischerella.
In contrast to temperature, the correlation of sulfide with the cyanobacterial
restructuring is more consistent with field observations of Fischerella and
Chlorogloeopsis HTF. The sulfide levels in the stromatolite hot-spring are fairly high near
the vent 0.60 ppm [150], and could inhibit some cyanobacteria [78, 166].
Chlorogloeopsis HTF and Fischerella appear to have a low and moderate tolerance to
sulfide, respectively [78], and we would expect the submerged mats to experience more
consistent exposure to the sulfidic water. Sulfide concentrations of 0.15 ppm were
sufficient to inhibit photosystem II function by 50% in a Fischerella strain isolated from
the Boiling River, YNP [166], however, the strain was isolated from a low sulfide
environment and sulfide tolerance has not been proven to be reliably extrapolated to a
cyanobacterium based on the phenotype of its close relatives [166]. It should also be
noted that the sulfide concentration at the north end of the stromatolite hot-spring has
been measured lower (0.224 ppm) than near the vent. Thus far, studies of the YNP
stromatolites have been limited to samples collected from the north end. Stromatolite
structures do grow on the southern rim, closer to the vent, however it is unknown at this
time if the ”Drape” lithofacies is found in the south end stromatolites or if the sulfide
levels of the south end are higher than the north end.
The pH of the stromatolite hot-spring ( 5.7) is too low for many cyanobacteria, but
both Chlorogloeopsis HTF and Fischerella have been found at lower pH and seem to be
acid tolerant [78]. The pH of the CDM may be higher than the SFM because pH affects
due to carbon fixation would be less mitigated by the surrounding water, although
respiration would dampen that difference. Regardless, as with temperature,
Chlorogloeopsis HTF and Fischerella would not appear to be inhibited by the pH of the
surrounding spring based on published field observations and therefore presumably pH
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is not strongly influencing cyanobacterial community structure in this system.
4.2.2 Phylogeny of Stromatolite Builder
The nearest-neighbor in SSURef104 to the sequence SFM-seq representing the
predominant SFM cyanobacterium that is building the bulk of the stromatolites and is
responsible for the fine laminations is not classified beyond the phylum level in
Greengenes, RDP or the Silva databases. As shown in 4.5B, SFM-seq does not share
genus-level identity, 95% [167], with any other sequence in Silva SSURef104. Moreover,
the phylogeny of SFM-seq shows it does not belong in the cyanobacterial sub-phylum
groups currently recognized by the RDP (4.5A). SFM-seq and its SW Japan stromatolite
neighbor constitute a heretofore undocumented lineage within the cyanobacteria
showing molecular studies have not recovered the full diversity of cyanobacterial 16S
rRNA genes and that there is captured cyanobacterial diversity in sequence databases
that remains undescribed from a phylogenetic standpoint.
4.2.3 Comparisons to other living stromatolite studies
Other molecular studies of living stromatolites have elucidated the complexity of
stromatolite microbial membership and shown the correlation of geochemistry and
stromatolite characteristics with diversity [100, 109]. To our knowledge, no other living
stromatolite system has characteristics such that the growth of the stromatolites can be
attributable to one or any specific phylotype(s). In contrast, the stromatolites presented
here are predominantly built by one cyanobacterial phylotype. Furthermore, this
cyanobacterial phylotype constitutes a novel and basal lineage in the cyanobacterial 16S
rRNA gene phylogeny.
It should also be noted that molecular studies have not shown any strong
commonalities in the microbial members of the geographically distinct living stromatolites
in Shark Bay, Australia and Exuma Sound, Bahamas [109]. These two living systems
exhibit different lamination patterns and local conditions, and therefore, common
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microbial membership would not be expected and would not necessarily reflect
significance of any particular phylotype with respect to stromatolite growth. As shown in
4.6, a wide diversity of cyanobacterial 16S rRNA sequences have been recovered from
living stromatolites.
In the YNP examples and some SW Japan stromatolites, lamination and growth can
be attributed to cyanobacteria [168]. Yet the full significance of such a commonality is
unknown without more detailed information on the origins and geographical extent of the
Japan travertine cyanobacterium that displays such close relation to SFM-seq. Several
studies have focused on carbonate stromatolites in SW Japan hot springs [168–170]. A
study by Takashima and Kano [168] show the presence of filamentous cyanobacteria on
SW Japan carbonate stromatolites in the Shionoha hot spring and attributed lamination
to cyanobacterial metabolism effects. While the above studies all discuss travertine
stromatolites that exhibit daily lamination, it appears that the lamination is distinct both in
texture and in the influencing microbes depending if the travertine is aragonite or calcite
[169] and where the travertine deposit is in relation to the hot spring vent [169, 170].
Therefore, it may be only happenstance that the two systems share the presence of a
particular cyanobacterium.
Regardless, we describe and produce a nearly full-length 16S rRNA gene sequence
from a cyanobacterium that is a stromatolite-building microbe. Additionally, particular SW
Japan travertine stromatolites [168] and the YNP examples show that cyanobacterial
growth rhythms can create laminae in conditions suitable for rapid lithification (for
instance, in silica supersaturated hot springs).
Additionally, cyanobacteria have been historically associated with stromatolites in the
rock record. This is in part due to the presumed effect on pCO2 by carbon fixation and
also to the conspicuous and easily identifiable morphologies of cyanobacteria [109]. In
contrast, recent studies have highlighted the roles of non-cyanobacterial members in the
interplay between Ca2+ and pCO2 concentrations that lead to CaCO3 precipitation or
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dissolution [142, 143] and shown that carbonate stromatolites are not formed under the
influence of cyanobacteria alone. Likewise, molecular analyses by Papineau et al. [109]
found the fraction of cyanobacteria in clone libraries of 16S rRNA genes to be less than
expected in living stromatolites found at Shark Bay, Australia. Similarly, Walter et al.
[103] proposed that anoxygenic phototrophs and not cyanobacteria were influencing the
growth of some living stromatolites in YNP. Here, in contrast, we present living YNP
stromatolite growth mainly attributable to cyanobacteria.
4.2.4 Major Non-cyanobacterial Phylotypes
In carbonate systems, microbial effects on the budget of carbonate associated
solutes drive precipitation. In contrast, a system where accretion is driven by cooling and
evaporation of Si super-saturated water or by binding of detrital solids, the construction
of stromatolites would be more associated with the surface chemistry of microbial cells
and mats. It may be that while the non-cyanobacterial members play crucial roles in the
health and function of this study’s mat ecosystem(s), they cannot be directly associated
with stromatolite construction. Clearly the SFM and CDM possess different
non-cyanobacterial microbial members (see 4.7), but whether these differences in
membership are caused by the shift in the composition of the primary-producers in the
mats or environmental effects or both is not known at this time.
4.3 Summary
Our molecular investigation of the cyanobacterial mats on stromatolites in YNP
elucidated the biological significance of the two stromatolite lithofacies as described by
Berelson et al. [145]. Specifically, transitions from the Main Body lithofacies to the Drape
lithofacies mark past emergence events of Chlorogloeopsis HTF and Fischerella from
rare members of the community to the large majority of surface biomass. The
cyanobacterial community re-structuring is likely driven by physiological traits under
selective environmental pressures that vary with water level, including sulfide exposure
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and potentially oxygen tension. Transition from the CDM back to the SFM seems to
require the reestablishment of the predominant cyanobacterium that may coincide with a
period of no accretion. The SFM is dominated by a non-heterocystous, filamentous,
novel cyanobacterium that is preserved as silica tubes that are the constructive
microstructure behind the stromatolites lamination. This cyanobacterium is interestingly
also found to be associated with travertine stromatolites in SW Japan hot springs. The
YNP living stromatolites are new, compelling analogues for ancient stromatolites and




4.1 summarizes the sample information. Surface samples were collected by scraping
mats from stromatolites using sterile razor blades. Samples were placed in cryovials and
frozen in liquid nitrogen for transport and kept at -80 circC for long term storage. 16S
rRNA gene sequence libraries from each sample were named as follows: the first letter
of the library name denotes the sequencing technology used to create the library (P for
pyrosequencing); the next 3 letters of each sample name denotes its mat type; and four
numbers indicate the date of the sample (MMYY). For example, the pyrosequence library
from a SFM mat sample or incipient SFM collected in August of 2009 is labeled
PSFM0809. Lastly, samples of the same surface mat type collected on the same date
are lettered.
NH4+, NO2−and NO3−content of the hot spring were measured on-site using
colorimetric assays with CHEMetrics kit numbers K-1403, K-7004 and K-6913
(CHEMetrics, Calverton, VA) for NH4+, NO2−and NO3−respectively. Sulfide was
measured on-site using the methylene blue colorimetric assay (K-9510, CHEMetrics). A
V-2000 Multi-analyte Photometer (CHEMetrics) was used in the field to read the sample
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ampoules.
4.4.2 Microscopy, SEM and Thin-sectioning
A portion of each sample was thawed in the lab, fixed in 2% paraformaldehyde in 0.2
um filtered hot spring water, homogenized and collected on a 0.2 um black polycarbonate
membrane filter (Millipore, Billerica, MA). Cyanobacteria on the membrane filter were
viewed by autofluorescence using a HQ:R fluorescence filter (Chroma Technology Corp,
Rockingham, VA) and a Leica DM RXA microscope. SEM micrographs were taken with a
Hitachi TM-1000 Tabletop Microscope. For thin-sectioning, stromatolite samples were
dried, impregnated with petropoxy, and cut with a diamond saw. The cut surface was
polished flat, cemented to a microscope slide with additional petropoxy, and ground
down to a thickness of 40 microns for petrographic analysis.
4.4.3 DNA Extraction, PCR, Cloning, Capillary Sequencing
DNA was extracted using the MoBio Powersoil DNA extraction kit (MoBio, Carlsbad,
CA). A one-minute bead-beating step was employed for lysis in place of the 10 min
vortexing step outlined in the manufacturers protocol. For Sanger capillary sequencing,
bacterial primers 8F and 1492R [24] were used to amplify 16S rRNA genes from
environmental DNA samples. PCR, cloning/transformation and sequencing were
completed as described by Sahl et al. [171].
4.4.4 Sanger Sequence Assembly and Quality Trimming
Bases were called from each chromatogram using Phred [31, 32] and reads for each
clone were assembled using Phrap (Phil Green, www.phrap.org). Phred and Phrap were
wrapped by a custom Python script that was also developed to trim the reads by quality
score (details in Supplementary Methods).
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4.4.5 PCR and Pyrosequencing
For pyrosequencing, bacterial 16S rRNA genes were amplified from environmental
DNA using 8F and 338R [172] primers. PCR was conducted with Promega PCR
MasterMix (Promega). The PCR program was as follows: Initial denaturation for 2 min at
94 circC followed by 30 cycles of annealing (52 circC for 20 sec), elongation (72 circC for 20
sec) and denaturation (94 circC for 1 min). The amplicon region has proven to yield
reliable results in phylogenetic studies even with short reads [20, 21]. Eight base
barcodes specific to each sample were attached to reverse primers by a 2 base linker to
allow for post-sequencing binning of reads by sample (for general method overview see
Hamady et al. [29]). Additionally, the primers included adapter sequences to be
compatible with Roches 454 GSFLX sequencing platform. Amplicons were normalized
using the SeQualprep kit (Invitrogen), pooled, and gel purified (Montage DNA gel
extraction kit, Millipore) prior to being sent to the sequencing facility (Anschutz Medical
Campus, University of Colorado Denver).
4.4.6 Sequence Analysis
Quality Control of Pyrosequences. Pyrosequences were binned by barcodes and
initially quality filtered based on vital parameters identified by Huse et al. [30] using the
split libraries.py script in the QIIME software package [45]. Specifically, sequences with
ambiguous characters, errors in the barcode or primer, sequence length less than 120 nt
or greater than 275 nt, average quality score below 27, or homopolymer runs greater
than 6 nt were discarded. The remaining sequences were denoised using DeNoiser
version 0.851 [39]. Chimeras were identified by ChimeraSlayer [43] and discarded.
Taxonomic Classifications. The phylogenetic content of each sample was
determined from the pyrosequence libraries. Taxonomic classifications for
pyrosequences were made by recruiting pyrosequences to classified reference
sequences in the Silva SSURef102 NR database using BLAST [133] and extrapolating
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reference annotations of the top BLAST hit for each pyrosequence. Quality filtering of
reference sequences is described in Supplementary Methods.
Alpha Diversity Measurements. Richness calculations for all sequences in a given
sample were calculated from Operational Taxonomic Unit (OTU) counts after clustering
reads at 97% identity. For richness estimates of just the cyanobacterial phylotypes,
reads were clustered at 100% identity. All clustering of sequences for alpha diversity
analyses was done using UClust (Edgar, 2010) via QIIME [45] with input order to UClust
determined by read abundance. Rarefaction curves (4.8) were generated using QIIME.
Parametric estimates of richness were determined using CatchAll [173, 173]. The
richness estimates and corresponding 95% confidence bounds from the parametric
model that fit the data best are reported in 4.4.
Sequence Alignment Multiple sequence alignments of nearly full-length, and
short-length cyanobacterial 16S rRNA gene sequences were constructed using
SSU-align [174, 175] with a custom, cyanobacteria-specific covariance model
constructed from sequences annotated as cyanobacteria in the Silva taxonomy field of
the Silva SSURef102 NR database [18] (details in Supplementary Methods).
All alignments were filtered with SSU-align using posterior probabilities of aligned
characters calculated by SSU-align. Specifically, positions where less than 95% of
characters had posterior alignment probabilities of 95% or greater were masked for
phylogenetic reconstruction. All alignments were visually inspected before further
analysis.
Phylogenetic reconstructions. Only nearly-full length sequences were used to
construct phylogenies. RAxML [176] version 7.2.7 was used to reconstruct phylogenies
depicted in 4.4 and 4.2. All RAxML trees were calculated utilizing the gamma distribution
for rate heterogeneity and the GTR model of nucleotide substitution. The final topology
of each phylogeny represents the best topology as determined by likelihood scores for
10 and 25 separate RAxML searches starting from random parsimony trees for 4.4 and
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4.2, respectively. The initial rearrangement setting for the best tree search and number
of rate categories for the gamma distribution were selected by RAxML for each run.
Bootstrap replicates were found using the rapid-bootstrapping algorithm of RAxML [177]
and the number of bootstrap replicates necessary for each phylogeny was determined
using the RAxML frequency or the extended majority rule criteria [178]. SH-like branch
support values [179] were also calculated for backbone trees using RAxML. pplacer
[116] was used to insert short and redundant sequences into backbone RAxML trees.
Sequences to be inserted by pplacer were aligned to the same covariance model as the
backbone sequences (see Methods:Sequence analysis:Sequence Alignment) for each
tree and were subject to the same column masking as the backbone sequences. Nodes
below indicated support values were collapsed using a custom Python script that
incorporated tree manipulation modules from PyCogent [48].
Selecting Reference Sequences. Two sets of Cyanobacterial reference SSU rRNA
sequences were selected to portray the phylogeny of environmental sequences. Each
reference set is discussed at length in Supplementary Methods.
Accession Numbers. Nearly full-length sequences generated in this study to
represent SFM-seq and the Chlorogloeopsis HTF and Fischerella phylotypes are
deposited in Genbank under Accession numbers JF303685, JF303684 and JF303683
respectively. We have made the presented pyrosequence information available via our
lab website (http://inside.mines.edu/ jspear/resources.html).
4.5 Supplementary Methods
Quality trimming capillary sequences The algorithm defining high quality
subsequences of assemblies involved sliding a 25-character-long window across an
untrimmed assembled sequence starting at both ends. The first base in the first window
that had an average quality score above 25 where the initial quality score was 25 or
greater determined the beginning and end point of the high quality subsequence. Bases
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falling outside the high quality region were discarded.
Quality filtering reference dataset for taxonomic classification Sequences of
poor quality or high possibility of being chimeric were removed from the reference
dataset using ARB [115]. Sequence quality was determined by the “seq qual slv” and
“align qual slv” fields in the Silva [18] SSURef102 NR and the “pintail slv” field was used
to determine the possibility that reads were chimeric. Specifically, references sequences
with seq qual slv scores less than 50, align qual slv scores less than 50 or pintail slv
scores less than 40 were removed before recruitment similarly to how sequences are
quality controlled before being used in the GAST classification system [134]. Selecting
sequences and secondary structure information for cyanobacteria-specific covariance
model
Aligned sequences in SSURef102 NR used for training the covariance model were
the single highest quality sequences in each 95% identity cluster of all sequences in the
Silva SSURef102 NR alignment. Clustering was done with UClust through QIIME with
input order to UClust determined by sequence length, longest sequences first.
Sequence quality was determined by the Silva database “seq quality slv” field.
Secondary structure information for the alignment was inferred from secondary structure
metadata (Sequence Associated information (SAI) entries “Helix” and “Helix NR”) also
incorporated in SSURef102 NR. Pseudoknots were removed using modules available in
PyCogent [48] as described by [180] optimizing for maximum number of basepairs.
Selecting reference sequences for phylogenies
Two large sets of cyanobacterial reference SSU rRNA sequences (discussed below)
were selected to portray the phylogeny of environmental sequences at different levels of
resolution each is discussed below. Nearly full-length environmental sequences from
clone libraries generated in this study that represented the major cyanobacterial OTUs
found in our pyrosequence survey were selected by BLASTing the pyrosequence reads
in each cyanobacterial OTU against the full-length libraries and then selecting the best
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representative based on sequence quality, length and identity to OTU reads.
Broad spectrum reference set. For broad resolution analyses, all sequences
classified as cyanobacteria by the RDP [19] and present in the Silva SSURef102
database were initially selected. Sequences that did not stretch from Escherichia coli
position 8-1492 in the SSURef102 alignment were culled from the dataset.
From this culled set, sequences were binned by taxonomic annotations into the 14
subphylum groups recognized in the RDP taxonomic nomenclature. Sequences that
were unclassified below the phylum rank were discarded. To remove redundancy, each
subphylum was clustered at 97% identity except for Group IIa sequences which were
clustered at 99% identity to account for a higher number of available sequences. UClust
[63] and QIIME [45] were used for clustering and UClust input order was determined by
sequence length, longest first. The highest quality sequence as determined by its value
in the Silva SSURef102 seq quality slv field was selected as the representative
sequence in each cluster.
From this reduced, high-quality representative set, a multiple alignment was created
and well aligned positions were selected (see Methods:Sequence Analysis:Sequence
alignment) for phylogenetic reconstruction using FastTree with default parameters [181].
From the FastTree phylogeny, clades with the greatest descending branch length for
which 95% of sequences shared the same subphylum level taxonomic annotation were
selected as the defining clades for the consensus subphylum annotation. Only one clade
was selected for each subphylum group. Sequences that fell outside the defining clades
or had taxonomic annotations that did not match the consensus taxonomy of the defining
clades were considered misannotations and discarded. After the initial selection of
subphylum, group-defining sequences was completed, the process was iterated
changing the definition of defining nodes from 95% identical taxonomies to
monophyletic. Each iteration worked from the defining set determined in the previous
step until no sequences needed to be removed. The final near-full length,
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broad-resolution, annotated, cyanobacterial reference set after iterative refinement
included 244 sequences.
Reference sequences from previous molecular studies of living stromatolites.
16S rRNA sequences generated in eight molecular studies of living stromatolites were
used to construct a reference set of cyanobacterial sequences associated with
stromatolite growth. The eight previous studies were reviewed by Foster etal. (2011).
The studies as a whole encompass 16S rRNA surveys of stromatolites from Shark Bay,
Australia; Highborne Cay, Bahamas and Ruidera Pools, Spain. Sequences were
downloaded from the Silva website [18] based on the accession numbers given in each
paper and inserted into the SSURef104 NR guide tree using the parsimony insertion tool
in ARB [115]. All sequences that fell in the cyanobacteria clade of the guide tree and had
alignment quality values greater than 75 and Pintail quality values greater than 50 were
exported from ARB and clustered at 97% identity using UClust with input order
determined by sequence length. Sets of sequences from each study were clustered
separately. Seed sequences were selected to represent each 97OTU. Nearly-full length
reference sequences from the SSURef104 NR were selected based on their relationship
to the stromatolite cyanobacterial sequences by navigating the SSURef104 NR guide
tree in ARB. The nearly-full length sequences plus the nearly full-length 16 rRNA
sequences from the major phylotypes in this study were aligned and masked using
SSU-Align [174] with the described cyanobacterial covariance model (above and
Methods:Sequence Analysis:Alignment). The nearly full-length reference sequences
were used to construct the tree and seed sequences from the 97identity OTUs
constructed from the eight molecular surveys discussed above were aligned with the
cyanobacterial covariance model using SSU-Align and inserted into the tree using
pplacer [116] in maximum likelihood mode.
Distribution of cyanobacterial sequences. Environmental sequences generated in
this study were considered to have come from cyanobacteria if their nearest neighbors –
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found by BLAST searching against the Silva SSURef102 NR 16S database – were
annotated as cyanobacteria in the Silva taxonomic nomenclature. Cyanobacterial
sequences were clustered at 100% identity and one sequence in each cluster was
chosen as the cluster representative. To allow for a more legible plot, singleton and
doubleton data points were removed from 4.3. The cyanobacterial representative set
was aligned and masked as described (Methods:Sequence Analysis:Sequence
alignment). To assess shared cyanobacterial diversity between surface samples, a
dendrogram displaying the clustering pattern of the cyanobacteria representative set
based on the multiple sequence alignment was constructed using the furthest neighbor,
hierarchical clustering algorithm in hcluster (Damian Eads,
code.google.com/p/scipy-cluster). Additionally, a heatmap displaying relative abundance
of cyanobacterial sequences in the dendrogram was constructed with custom Python
scripts that incorporated Python modules from Matplotlib [182]. The distances used for
clustering were substitutions per site values between sequences in the alignment. All
pairwise distances were calculated using a custom Python script and modules in
PyCogent. The resulting figure is included as 4.3.
Rank abundance plots. Rank abundance distributions of pyrosequence libraries
(4.2B) were constructed from OTU counts after clustering sequences at 97identity using
UClust. Read abundance dictated the order of sequences considered by UClust with
more abundant reads considered first. OTU counts of libraries representing the same
mat type (SFM and CDM) were combined.
Sequence Identity Histogram. Sequence identity values shown in 4.5B were
calculated by using UClust to globally align all sequences in the Silva SSURef104




TRENDS IN MICROBIAL COMMUNITY ALPHA AND BETA DIVERSITY IN
HOT-SPRING OUTFALLS AT YELLOWSTONE NATIONAL PARK, WYOMING
Many studies of outfall microbial diversity in hot-springs at Yellowstone National Park.
Wyoming (YNP) have focused on a few or even a single outfall [68–70, 82, 183, 184].
Comparatively few recent studies have focused on multiple outfalls covering a significant
geographical distance in the Yellowstone geothermal complex [150, 185–187]. Though
few in number, marker gene surveys of multiple geothermal sites have described many
interesting ecological phenomena. Ross et al. [186] used Sanger sequencing technology
and culture independent methods to survey 16S rRNA genes in YNP orange mats
commonly found in hot-spring outfalls and demonstrated the extent of a recently
discovered and described Acidobacterial chlorophototroph throughout the park. Also
using Sanger technology Boyd et al. [187] and Hamilton et al. [185] probed for diagnostic
markers of fermentation and nitrogen fixation, respectively, to further understand the
ecology of microbial functional guilds over a wide array of hot-springs and found that
dispersal limitation is a key ecological consideration for the guilds studied. Although not
an outfall study, Spear et al. [150] observed an over-representation of hydrogen-oxidizing
microbes near hot-spring vents and hypothesized and later confirmed that hydrogen is a
thermodynamically favorable electron-donor in hot-spring systems.
While Sanger sequencing technology has been used to make many key findings at
YNP, Next Generation Sequencing (NGS) technology affords microbial ecologists the
opportunity to greatly expand the number of environments that can be characterized by
culture independent methods in a single sequencing run. Miller et al. [68] used NGS
methods to survey two YNP outfalls, Rabbit and White Creek, via the bacterial SSU
rRNA gene and showed that in the two outfalls temperature is highly influential in
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structuring and determining the microbial membership. Osburn et al. [3] utilized NGS to
characterize different environments that were further analyzed for hydrogen-isotope
fractionation in lipids as an analog for isotope signatures found in the rock record.
NGS-based SSU rRNA gene surveys can be used to probe many outstanding
questions based on previous studies in YNP. For example, it is unclear if the
Synechococcus-like phylotypes found in studies of the alkaline, chloride Octopus Spring
and its outfalls predominate in other outfalls. The qualitatively similar texture, color,
geochemistry and temperature of outfalls in other alkaline chloride springs like those in
the Sentinel Meadow would suggest that that the microbiology of Octopus Spring can be
reliably extrapolated. Additionally, it is not known how microbial membership changes in
siliceous versus calcareous geochemical outfall platforms or if temperature is influential
in determining microbial membership and structure across many different environments.
Further, microbial structure and membership profiles are useful as foundations upon
which new ecological hypotheses can be advanced. Here we describe trends in
microbial alpha and beta diversity from samples covering six qualitative environment
types (streamers, high and low temperature cyanobacterial mats, yellow biofilms,
carbonate biomats, and sulfur-rich sediments) in addition to core samples taken from
microbial mats along the Imperial Geyser outfall to address the above questions and
provide context for further investigations of microbial ecology in YNP hot-springs.
5.1 Results
The following results incorporate data from Osburn et al. [3] as well as an unpublished
dataset from core samples of microbial mats along the Imperial Geyser outfall.
5.1.1 Beta Diversity
The data presented in Osburn et al. [3] incorporates samples taken from six discrete
environment types that span multiple temperatures and geochemistry. As shown in 5.1,
a principal coordinate plot of unweighted Unifrac [117] distances between samples, the
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microbial membership (as determined by surveying SSU rRNA genes) clusters by
environment type. The membership clustering is further depicted in 5.2, a heatmap of
OTU abundance profiles. Some environments appear to be highly skewed with low
richness and possess specific OTUs that are diagnostic for the environment type while
other communities are more even in their OTU abundance distribution and have many
overlapping members with other environments.
To probe whether temperature is correlated with microbial community structure a
principal coordinate plot of weighted Unifrac distances between all samples including the
samples taken from the Imperial Geyser outfall was constructed with points colored by
the temperature at the sampling site. A strong correlation between temperature and the
first principal coordinate is shown in 5.3 and the first principal coordinate accounts for a
significant amount of the variance in Unifrac distances. The temperature correlation
suggests that temperature is an influential parameter for shaping microbial membership
and structure. Temperature has been demonstrated as strongly influencing microbial
membership structure previously in YNP at the geothermal White and Rabbit creeks.
Interestingly there appears to be a secondary membership clustering by platform
geochemistry, siliceous versus calcareous, of the data presented in Osburn et al. [3]
(5.4). To our knowledge a formal description of microbes endemic to either silica or
carbonate geothermal features has not been presented. The clustering correlated with
geochemical platform does not appear to hold for beta diversity indices that consider
relative abundance (see 5.2). A possible cause is that the carbonate-platform
communities have several low abundance lineages in common that are not found in the
silica-platform samples. If so, the abundance weighted versus unweighted beta diversity
distances could be significanly different.
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Figure 5.1: Principal coordinate plot of Unifrac distances between 16S gene sequence li-
braries presented by Osburn et al. [3]. Points are colored by environment types described
by Osburn et al. [3]. red - carbonate, blue - high temperature orange mat, yellow - unclas-
sified, aquamarine - yellow biofilm, green - streamers and purple - sulfur rich sediments.
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Figure 5.2: Heatmap of OTU abundance distributions for all 16S gene sequence libraries
discussed in this study. Only top 35 OTUs across all samples are shown. Colors of sample
names on x-axis correspond to coloring of 5.1 where applicable. Both dendrograms are
constructed from Bray-Curtis distances.
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Figure 5.3: Principal coordinate plot of Unifrac distances between 16S gene sequence
libraries presented by Osburn et al. [3] and Imperial Geyser outfall sample libraries. Points
are colored by temperature.
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Figure 5.4: Principal coordinate plot of Unifrac distances between 16S gene sequence li-
braries presented by Osburn et al. [3]. Points are colored by type of geochemical platform.
red - calcareous, blue - siliceous.
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5.1.1.1 Emphasis on cyanobacterial membership and structure
Cyanobacterial membership was specifically investigated to determine the
distribution of thermophilic Synechococcus-like phylotypes studied at Octopus Spring
[76]. As shown in 5.5, a heatmap of cyanobacterial OTU abundance distributions for
libraries that had at least 100 cyanobacterial 16S gene sequences, different
environments harbor a suite of cyanobacterial members. The types and abundances of
cyanobacteria in a given sample appears to be influenced primarily by temperature (5.5).
Further, the most abundant members appear to be strongly correlated with temperature
and there is a correlation in abundant members with geochemical platform, carbonate or
silica. At high temperatures in the “high temperature orange mats” and the “yellow
biofilms” the most abundant cyanobacterial OTU is closely related to environmental 16S
gene sequences recovered by Meyer-Dombard et al. [188] and also shares high
sequence identity ( 98%) with the 16S gene from a Synechococcus strain (OH34)
isolated from inocula collected at 65 ◦C from an Oregon hot-spring [189]. Lower
temperature “high temperature orange mats” in addition to many Imperial Geyser 16S
gene sequence libraries were dominated by a cyanobacterial phylotype that shows high
sequence identity ( 99%) with Synechococcus sp. JA-2-3b isolated from Octopus spring
[183] at a site ranging in temperature from 51-61 ◦C. The “low temperature orange mats”
are dominated by a phylotype sharing high sequence identity with Leptolyngbya sp. FYG
cultured from a YNP hot-spring [190]. The libraries from “carbonate” environment types
had one abundant OTU in particular that was found in only one non-carbonate library.
This OTU shares high sequence identity from another sequence generated from the
same location as part of an unpublished study but beyond that, the carbonate specific
cyanobacterial OTU does not share 95% or greater sequence identity with any sequence
in the Genbank nucleotide collection [153].
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Figure 5.5: Heatmap of cyanobacterial OTU abundance distributions for all 16S gene
sequence libraries discussed in this study with at least 100 cyanobacterial sequences.
Only top 15 OTUs across all samples are shown. Colors of sample names on x-axis




Miller et al. [68] previously showed that temperature had a significant impact on
microbial alpha diversity in YNP microbial mats but the study was limited to two
geothermal creeks. To determine if alpha diversity was similarly dependent on
temperature across a wider array of geothermal features we plotted the effective
Shannon diversity (exp(Shannon)) of each environment type discussed in Osburn et al.
[3] as well as the Imperial Geyser samples (5.6). Additionally, temperature versus
effective Shannon Diversity was plotted (5.7). There did not appear to be a strong
correlation between environment type and alpha diversity with many environment types
showing a wide range of effective Shannon diversities (5.6). The magnitude of the
temperature/diversity correlation seems fairly small as many samples at lower relative
temperatures exhibit low diversity. A sharp increase in the range of diversities observed
around 70 ◦C corresponds with the switch from chemotrophy to phototrophy as a means
for primary production. The yellow biofilm libraries, however, exhibit similarly low alpha
diversities to chemotrophic streamer communities but they possess many cyanobacteria
(5.2). The alpha diversity of just cyanobacterial sequences tracks with the diversities of
the entire community 5.8.
5.3 Discussion
Three cyanobacterial OTUs appear to dominate in three separate temperature
regimes in the alkaline chloride geothermal outfalls studied. At high temperatures in
orange mats and yellow biofilms, a Synechococcus-like cyanobacterium predominates.
This particular phylotype has been found in YNP before [188] however its temperature
niche has not been discussed to our knowledge. The high-temperature OTU was found
in abundance in three of the geothermal features studied (Imperial Geyser, Octopus
Spring and Bison Pool) and was observed in at least low abundance in all environment
types but not all samples. The phylotype appears to be specifically well suited to high
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Figure 5.6: Effective Shannon diversity of all 16S gene sequence libraries. Points grouped
by environment type and colored by temperature.
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Figure 5.7: Effective Shannon diversity of all 16S gene sequence libraries plotted against
temperature.
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Figure 5.8: Effective Shannon diversity of cyanobacteria in all 16S gene sequence li-
braries with at least 100 cyanobacterial sequences.
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temperatures for phototrophs and may constitute a thermophilic lineage on the global
scale as a close relative was cultured from a thermal spring in Oregon [189].
A second Synechococcus phylotype is dominant at mid-temperatures and appears to
be a part of the same OTU as well-characterized Octopus Spring cultivars [69, 70, 183].
Early culture-based studies of Octopus Spring concluded that a single Synechococcus
strain dominated the entire mat [82]. Misleading similarities in morphology between
phylogenetically distant types and culture techniques that did not produce cultivars from
the most abundant in situ phylotypes contributed to the incorrect finding [82] while
molecular techniques elucidated the true diversity and abundant cyanobacteria at
Octopus. The geographical extent of the Octopus Spring phylotypes has not previously
been discussed perhaps because it is intuitive that the lessons learned from Octopus
Spring will hold for very similar environments throughout YNP. Indeed, molecular surveys
from this study confirm the presence of Octopus Spring OTUs throughout YNP in
alkaline chloride geothermal outfalls. Unexpectedly, a fourth conspicuous OTU not
previously described is found in abundance in carbonate phototrophic mats. This OTU
has one unpublished relative in Genbank also derived from a carbonate hot-spring in
YNP (accession AY195603). While the Octopus Spring Synechococcus cultivars are
useful model organisms from which much can be extrapolated, there still exists
unstudied and possibly even unobserved cyanobacterial phylotypes that act as key
ecological units in many systems.
An OTU of Leptolyngbya-related sequences predominates in the samples studied at
the lowest temperatures. All three dominant OTUs are found in the Imperial Geyser
outfall which has not received the same attention as Octopus Spring with respect to
studies of cyanobacterial temperature ecotypes but it looks as if Imperial Geyser could
serve as a useful foil to Octopus Spring microbiology.
Lastly, the secondary clustering of 16S sequence library membership by underlying
geochemical platform (silica versus carbonate) poses the hypothesis that microbes are
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endemic to siliceous versus calcareous geothermal features and vice versa. Silica and
carbonate platform endemism has not yet been addressed in YNP to our knowledge.
5.3.0.2 Temperature influence on alpha and beta diversity
While temperature was shown to have a strong influence on the beta and alpha
diversity at Rabbit and White Creek [68], across multiple geothermal features and
environment types temperature appears to only affect beta diversity. It may be that the
sampling scope of our study is not sufficient to confidently assess temperature effects on
diversity. Snapshot community profiles of limited biomass and single time-point
temperature measurements do not definitively represent the spatial diversity and overall
physiological conditions of YNP phototrophic mats. Setchell [73] discusses the problems
associated with measuring the living temperatures of hot-spring inhabitants where
unpredictable water currents can cause significant fluctuations in water temperatures at
a single site and temperatures can increase and decrease 10-15 ◦C over centimeters
laterally. Additionally, Berelson et al. [145] showed that the temperatures fluctuate with
ambient conditions. The samples taken for Osburn et al. [3] were not meant for a
YNP-wide study of temperature/alpha diversity relationships but do pose two interesting
hypotheses
• Phototrophic communities at the upper temperature limit for oxygenic phototrophic
growth can exhibit similarly low diversities as high-temperature chemotrophy based
communities
• relatively lower temperature ecosystems do not show higher diversity but rather a
greater range in alpha diversities.
The first hypothesis, if true, would suggest that temperature, below a certain limit,
and not the products of photosynthesis allows for the diversity bloom seen in
mesothermic YNP ecosystems as compared to high temperature ecosystems dominated
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by chemolithoautotrophs. Miller et al. [68] proposed that cyanobacteria and green
non-sulfur bacteria would compete for carbon dioxide in microbial mat ecosystems.
Carbon dioxide may be limiting in hot water. Perhaps the low diversity of the yellow
biofilms and streamer communities is a function of carbon dioxide which becomes more
soluble in cooler downstream waters.
5.4 Methods
Samples from Osburn et al. [3] are named with a prefix that denotes the sample
location. B denotes Bison, IG Imperial Geyser, BS Boulder Spring, NG Narrow Gauge
and OS is Octopus Spring. Osburn et al. [3] includes a comprehensive description of all
samples. Library names with the IM prefix are the unpublished Imperial Geyser samples.
Samples were collected at four locations along the outfall. The number after the prefix
denotes which location the samples were collected with number 1 being the location
closest to the outfall source and number 4 being the furthest. The four sites span a
distance on the order of 100 meters. Water temperature was recorded from each site.
5.4.1 DNA Extraction, PCR and Sequencing
A thorough description of laboratory methods can be found in Osburn et al. [3].
Identical laboratory methods were used to produce the samples from Imperial Geyser.
Briefly, for each sample SSU rRNA genes were amplified from community DNA using
barcoded 16S primers that amplified the 515-907 (E. coli coordinates) region of the SSU
rRNA gene. The primer targets were bioinformatically analyzed and literature primers
improved per the results of the analysis prior to PCR. Sequencing for all samples was
done with Roche 454 technology on the Titanium platform.
5.4.2 Data analysis
All sequence flowgrams were screened using parameters suggested by Huse et al.
[30]. Poor quality reads were discarded. Reads passing quality control standards were
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“de-noised” using the Qiime 454 flowgram denoising algorithm [39]. The steps towards
assigning reads to OTUS were as follows: Reads were aligned using the bacterial and
archaeal reference alignments corresponding to the Silva database alignment [18] as
distributed on the Mothur [46] website and the Mothur NAST aligner. Pairwise distances
between reads were calculated treating all indels as a single column and considering
leading and trailing gaps although all alignments were trimmed to alignment coordinates
such that all sequences overlapped from beginning to end prior to computing distances.
Finally, distances were clustered by the average-neighbor algorithm and reads were
grouped in 97% average identity OTUs. All plots were created using Matplotlib [182].
Shannon diversity [8] values were calculated with QIIME and converted to effective
values as described by Jost [191] to represent diversity in values that correspond to
number of evenly abundant classes (in this case OTUs). Unifrac values were calculated
in QIIME [45]. The tree required for Unifrac calculations was computed from a multiple
sequence alignment (methods above) using FastTree [181] and the tree was rooted
between archaeal and bacterial clades. Bray-Curtis distances used to create




CONCLUSION AND FUTURE WORK
Modern marine stromatolites in Shark Bay, Australia and Highborne Cay, Bahamas
are intriguing models for pH regulated stromatolite morphogenesis in marine
environments. Unfortunately, the coarse texture of the marine stromatolite analogs is not
consistent with finely-laminated stromatolites in the rock-record. The YNP stromatolite
presented in this dissertation is finely laminated and is therefore is a better textural
analog to ancient stromatolites.
Molecular studies of the YNP living stromatolite show that a single cyanobacterial
ribotype constructs the stromatolite. The stromatolite-building cyanobacterium is not
found in other YNP hot springs nor has its rRNA gene phylogeny been previously
described. The fluctuating water level of the hot spring where the YNP stromatolite is
found elicits a profound re-structuring of the stromatolite microbial community.
The current state of cyanobacterial systematics is not sufficient for describing the
YNP stromatolite building cyanobacterium. Moreover, cyanobacterial systematics
between major curators of rRNA gene databases is highly inconsistent. The
cyanobacterial systematics inconsistency between SSU rRNA gene reference databases
could manifest in conflicting ecological conclusions drawn from microbial diversity studies
where taxonomic annotations of environmental sequences are used as ecological units.
The genomic content of the deep-branching and novel cyanobacterial rRNA genotype
that builds the YNP stromatolites will expand the known diversity of the cyanobacterial
pangenome. Additionally, the stromatolite-building cyanobacterium constitutes a novel
genus within cyanobacteria. Future work will focus on understanding the physiology of
the stromatolite-building cyanobacterium though genomics. In situ studies will utilize
genomic information to determine the ecology of the stromatolite-building
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cyanobacterium as it relates to measurable environmental variables including pH,
temperature and light adaptation. Laboratory studies will establish the physiology of the
stromatolite building cyanobacterium such that it can be officially recognized
taxonomically within the bacteriological code.
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